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Abstract
We review the status of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and the CP-
violating phases in the CKM-unitarity triangle. The emphasis in these lecture notes is on B-meson
physics, though we also review the current status and issues in the light quark sector of this matrix.
Selected applications of theoretical methods in QCD used in the interpretation of data are given and
some of the issues restricting the theoretical precision on the CKM matrix elements discussed. The overall
consistency of the CKM theory with the available data in flavour physics is impressive and we quantify this
consistency. Current data also show some anomalies which, however, are not yet statistically significant.
They are discussed briefly. Some benchmark measurements that remain to be done in experiments at the
B-factories and hadron colliders are listed. Together with the already achieved results, they will provide
unprecedented tests of the CKM theory and by the same token may lead to the discovery of new physics.
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1 Introduction
It is now forty years that Nicola Cabibbo formulated the notion of flavour mixing in the charged hadronic
weak interactions 1. The Cabibbo theory provides a consistent description of the muonic decay µ→ eνeνµ,
the neutron β-decay n→ peνe, and the strangeness changing transitions, such as the Kℓ3 decays and the
hyperon decays, in terms of a universal Fermi coupling constant GF and a mixing angle, the Cabibbo
angle θC . Thanks to dedicated experiments carried out well over four decades, and impressive theoretical
progress, in particular in the technology of the electroweak radiative corrections, we now have precise
values for these fundamental parameters of nature 2:
GF = 1.16639(1)× 10−5 GeV−2 ,
(1)
θc = 12.69(15)
◦ .
The Cabibbo theory 1 describes in the quark language charged weak transitions d → u and s → u
involving the three lightest quarks u, d, and s. However, it was not able to account for the flavour
changing neutral current (FCNC) transition s → d, such as the K0 - K0 mass difference ∆MK . This
outstanding problem with the Cabibbo theory was solved by the GIM mechanism 3 which required a
fourth quark - the charm (c) quark. The GIM-construction banished the FCNC transitions from the
tree level, relegating them to loops (induced quantum effects) where they found their natural abode.
Thus, in the Cabibbo-GIM theory, ∆MK , as well as a number of |∆S| = 1,∆Q = 0 transitions, such as
KL → µ+µ− and KL → γγ, are well-accounted for in terms of GF and θC , and the mass of the charm
quark mc
4, found later to be in the right ball-park through the discovery of the J/ψ, ψ′, ... resonances
and charmed hadrons. Along with the GIM mechanism came also a (2× 2) quark flavour mixing matrix
characterized by the Cabibbo angle θC .
The final act in quark mixing came through the seminal work of Kobayashi and Maskawa (KM) 5,
who enlarged the Cabibbo-GIM (2×2) quark mixing matrix to a (3×3) matrix by adding another doublet
of heavier quarks (t, b). This matrix which relates the quarks in the weak interaction basis (d′, s′, b′) and
the quark mass eigenstates (d, s, b),
( d′, s′, b′ ) = VCKM ( d, s, b ) , (2)
is called the Cabibbo-Kobayashi-Maskawa matrix VCKM, and symbolically written as
VCKM ≡

Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb

 . (3)
VCKM is a unitary matrix, characterized by three independent rotation angles and a complex phase.
The KM theory was formulated to incorporate the CP violation observed in Kaon decays in 1964 by
Christenson et al. 6. In this theory CP symmetry is broken at the Lagrangian level in the charged
current weak interactions and no where else. In principle, all the elements of the matrix VCKM are
complex. In practice, only two of the matrix elements have measurable phases. But, this is sufficient
to anticipate CP violation in a large number of processes, some of which are now being measured with
ever-increasing precision in the K- and B-meson decays.
In these lectures, I will summarize the current status of the magnitude of all the nine matrix el-
ements |Vij | of the CKM matrix and the weak phases entering in these matrix elements. To discuss
this, a parametrization of the CKM matrix is needed. It has become customary to discuss the CKM
phenomenology using the Wolfenstein parametrization 7:
VCKM ≃

 1− 12λ2 λ Aλ3 (ρ− iη)−λ(1 + iA2λ4η) 1− 12λ2 Aλ2
Aλ3 (1− ρ− iη) −Aλ2 (1 + iλ2η) 1

 , (4)
where the four independent parameters are: A, λ = sin θC , ρ and η, of which η is what makes this matrix
complex and leads to CP Violation. Anticipating precise data, a perturbatively improved Wolfenstein
2
parametrization 8 with ρ¯ = ρ(1−λ2/2) and η¯ = η(1−λ2/2) will be used. This rescaling effects mainly the
matrix elements Vtd, which now has the definition Vtd = Aλ
3(1−ρ¯−iη¯), and Vub = Aλ3(1+λ2/2) (ρ¯− iη¯),
and the other matrix elements remain essentially unchanged.
As we shall see, a quantitative determination of these matrix elements requires, apart from dedi-
cated experiments, reliable theoretical tools in the theory of strong interactions (QCD). These include,
apart from the QCD-motivated quark models, chiral perturbation theory, QCD sum rules, Heavy Quark
Effective Theory (HQET) and Lattice QCD, combined with perturbative QCD. To illustrate their im-
pact, I will discuss some representative applications where a particular technique is the main theoretical
workhorse. Further details and in-depth discussions can be found, for example, in the proceedings of the
CERN-CKM workshops 9,10.
These lecture notes are organized as follows: In section 2, I review the status of |Vud| and |Vus| and
the resulting test of unitarity of the CKM matrix. In section 3, current status of |Vcd| and |Vcs| is briefly
reviewed. Section 4 describes in considerable detail the current measurements of the matrix elements
|Vcb| and |Vub| and the theoretical techniques used in arriving at the results. Status of the third row of
VCKM is reviewed in Section 5. Section 6 summarizes the current knowledge of |Vij | and the Wolfenstein
parameters, including the phases of the unitarity triangle(s). This section also reports on the results of
a global fit of the CKM parameters using the CKM unitarity and knowledge of the various experimental
and theoretical quantities. CP violation in B-meson decays is discussed in Section 7, and we restrict
ourselves to the discussion of only the currently available results from the two B-factory experiments. We
conclude with a summary of the main results and some remarks in Section 8.
2 Current Status of |Vud| and |Vus|
2.1 Status of |Vud|
We start with the discussion of the matrix element |Vud|. The superallowed 0+ → 0+ Fermi transitions
(SFT) have been measured so far in nine nuclei (10C, 14O,26Al,34Cl,38K,42 Sc,46V,50Mn,54 Co), sum-
marized by Towner and Hardy 11. As only the vector current contributes in the nuclear hadronic matrix
element 〈pf ; 0+|u¯γµd|pi; 0+〉, and the transitions involve members of a given isotriplet, the conserved
vector current hypothesis helps greatly in reducing the hadronic uncertainties. Radiative (δR and ∆R)
and isospin breaking (δC) corrections have been calculated. Of these δC and δR are nucleus-dependent.
As the ft values (f is the nuclear-dependent phase space and t is the lifetime) of the nuclear transitions
are also nucleus-dependent, one usually absorbs the nucleus-dependent radiative corrections by defining
another quantity
Ft ≡ ft (1 + δR) (1 − δC) . (5)
The Ft values measured in the nine transitions are indeed consistent with each other, with their average
having a value 11
Ft = 3072.3(9) sec [χ2/d.o.f. = 1.1] . (6)
The nucleus-independent radiative correction ∆R incorporates the short-distance contribution and has
been calculated by Marciano and Sirlin 12,13. The value of ∆R depends on a parameter mA which enters
in the process of matching the short-distance and long-distance contributions. Taking mA in the range
mA1/2 ≤ mA ≤ 2mA1, where mA1 is the 1+− meson mass, one estimates: ∆R = (2.40 ± 0.08)%. With
the precise determination of Ft and ∆R, the matrix element |Vud| is derived from the expression:
|Vud|2 = K
2G2FFt (1 + ∆R)
, (7)
where K is a phase space factor, K = 2π3 ln 2/m5e, with me being the electron mass, and its value is
known to a high accuracy: K = (8120.271± 0.012)× 10−10 GeV−4sec. This yields a value 11:
|Vud|SFT = 0.9740± 0.0005 . (8)
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The error shown here is dominated by theoretical errors, contributed mainly by the (somewhat arbitrary)
choice of the low energy cutoff in estimating ∆R and the nuclear-dependent isospin-breaking corrections
δC
11,14. The value listed by the PDG 2 from this method is: |Vud| = 0.9740± 0.0005± 0.0005, where
the added error reflects the PDG concern about the systematic uncertainty due to the nucleus-dependent
radiative corrections.
The other precise method of determining the matrix element |Vud| is through the polarized neutron
beta-decay (n → pe−νe). The currently attained precision owes itself to the enormous progress made in
having highly polarized cold neutron beams. For example, for the cold neutron beam at the High Flux
Reactor at the Institut-Laue-Langevin, Grenoble, the degree of neutron polarization has been measured to
be P = 98.9(3)% over the full cross-section of the beam 15. Also, the neutron lifetime, τn = (885.7± 0.8)
sec 2, is now measured to an accuracy of one part in a thousand. The charged weak current has a V −A
structure and the hadronic matrix element can be parametrized as: 〈p|u¯γµ(1 − γ5)d|n〉 = u¯pγµ(gV +
gAγ5)un, requiring the knowledge of gV and gA. (We have neglected a small weak magnetism contribution
∝ (µp − µn)/(2mp)σµνqν , where µp and µn are the anomalous magnetic moments of the proton and
neutron, respectively, with qν and mp being the momentum transfer and the proton mass, respectively).
However, in the neutron beta-decay, radiative corrections are under better theoretical control.
The theoretical expression for determining |Vud| from the neutron lifetime is:
|Vud|2 = 1
Cτn(1 + 3x2)fR (1 + ∆R)
, (9)
where C = G2Fm
5
e/(2π
3), x = gA/gV , f
R = 1.71482(15) is the phase space factor including model-
dependent radiative corrections 16, and the model-independent radiative correction ∆R has been specified
earlier. The high accuracy on fR owes itself to the Ademollo-Gatto theorem, which makes the departure
of gV from the symmetry limit tiny, with current estimates yielding δgV ≡ 1− gV = O(10−5) 17,18,19.
To extract |Vud| from the neutron lifetime, one has to know gA/gV . This can be determined from
the electron (β) asymmetry or the e-ν¯ correlation in the decay of a polarised neutron. For example, the
probability that an electron is emitted with an angle θ with respect to the neutron spin polarization,
denoted here by P = 〈σz〉, is
W (θ) = 1 + βPA cos θ , (10)
where β is the electron velocity and the coefficient A depends on x = gA/gV :
A = −2 x(1 + x)
1 + 3x2
. (11)
It is understood here that a small correction due to the weak magnetism has been included in extracting
gA/gV from A. Thus, the measurements of τn and A determine both gA/gV and |Vud|. However,
currently the two most precise measurements of this quantity, namely gA/gV = −1.2594± 0.0038 15 and
gA/gV = −1.2739± 0.0019 20 differ by more than 3σ, and hence the experimental spread in the values
of gA/gV is currently the main uncertainty in the determination of |Vud| from the neutron β-decay. Of
these, the PERKEOII experiment 15 yields a value |Vud| = 0.9724 ± 0.0013, which, on using the PDG
values for |Vus| (= 0.2196± 0.0026) and |Vub| (= (3.6± 0.7)× 10−3) leads to
|Vud|2 + |Vus|2 + |Vub|2 ≡ 1−∆1 = 0.9924± 0.0028 . (12)
The value ∆1 = (7.6 ± 2.8)× 10−3 differs from zero (the unitarity value) by 2.7σ. However, follow-
ing the advice of the PDG and restricting to the experiments using neutron polarization of more than
90% 15,21,22, a recent compilation of the experimental results yields 23:
gA/gV = −1.2720± 0.0022 ,
(13)
|Vud|n decay = 0.9731± 0.0015 .
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The result for |Vud| from the neutron β-decay is less precise than the one in (8), obtained from the
0+ → 0+ SFTs, though the two values of |Vud| are completely consistent with each other. To improve
the precision on |Vud| from the neutron beta-decay, it is imperative to resolve the inconsistencies in the
current measurements of gA/gV and determine this ratio more accurately.
The third method for determining |Vud| is through the πe3 decay: π+ → π0e+νe. This decay is
governed by the vector pion form factor fπ
±π0
+ (t), where t is the transfer momentum squared. In the
isospin limit, fπ
±π0
+ (0) = 1. An updated analysis of the radiative corrections to the pionic beta-decay
has been recently undertaken in an elegant paper by Cirigliano et al. 24, including all electromagnetic
corrections of order e2p2 (here e2p2 implies both corrections of order e2p2 and of order (mu −md)p2),
using the framework of chiral perturbation theory with virtual photons and leptons. Accounting for the
isospin-breaking and radiative corrections, |Vud| can be obtained from the following expression 24:
|Vud|2 =
Γπe3[γ]
Nπ Sew |fπ±π0(0)|2 Iπ(λt, α) , (14)
where
Nπ = G2F M5π±/(64π3) ,
Iπ(λt, α) = Iπ(λt, 0) (1 + ∆Iπ(λt, α)) , (15)
fπ
±π0
+ (0) = (1 + δ
π
SU(2)) (1 + δ
π
e2p2) .
Here λt is the slope parameter in the parametrization of the form factor f
π±π0
+ (t) = f
π±π0
+ (0)(1 +
λtt/M
2
π +O(λ
2
t )), Iπ(λt, α) is a slope-dependent phase space integral, and Sew is what was earlier called
∆R. Estimates of the various quantities in these expressions are
24:
δπSU(2) ∼ 10−5 ,
δπe2p2 = (0.46± 0.05)% , (16)
∆Iπ(λt, α) = 0.1% .
The precision on |Vud| is dominated by the precision on the quantity Γπe3[γ] (i.e., the branching ratio
BR(π± → π0e±νe[+γ]). The present preliminary result of the PIBETA collaboration 25 is:
BR(π± → π0e±νe) = (1.044± 0.007(stat.)± 0.009(syst.))× 10−8 , (17)
which is significantly more precise than the earlier most accurate measurement by McFarlane et al. 26:
BR(π± → π0e±νe) = (1.026± 0.030)× 10−8. The PIBETA measurement yields a value 27:
|Vud|πℓ3 = 0.9771± 0.0056 . (18)
This measurement of |Vud| is almost an order of magnitude less precise than |Vud| determined from the
nuclear 0+ → 0+ SFTs. One expects a factor three improvement in the value of |Vud| at the end of the
PIBETA experiment.
Taken the three determinations of |Vud| discussed here, the current world average of this quantity,
|Vud|WA = 0.9739± 0.0005 , (19)
is essentially the same as in (8) from the nuclear 0+ → 0+ transitions. The impact of the neutron beta
decay experiments on |Vud| can be significantly enhanced if the experimental spread in gA/gV is resolved,
and the resulting accuracy on this quantity improved.
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2.2 Status of |Vus|
The determination of the matrix element |Vus| from Kℓ3 decays (with ℓ = e, µ) has been extensively
reviewed recently 23,27 to which we refer for further details. The value for |Vus| quoted by the PDG
is based essentially on the theoretical analysis of Leutwyler and Roos 28, done some twenty years ago,
which yields: |Vus| = 0.2196± 0.0023. During the last couple of years, new analytical calculations of the
radiative corrections have been reported by Cirigliano et al. 24, carried out in the context of the chiral
perturbation theory, which were used in extracting |Vud| from the πe3 decay, discussed earlier. Also,
the so-called long-distance part of the electromagnetic radiative corrections, calculated by Ginsberg long
ago 29 and used in the Leutwyler-Roos analysis 28 has been recently checked (and corrected) 24,30.
Finally, two O(p6) chiral perturbation theory calculations of the isospin-conserving contribution to the
Kℓ3 form factor have also been undertaken
31,32. In particular, it has been pointed out by Bijnens and
Talavera 32 that the low energy constants (LEC’s) which appear in order p6 in the form factor f+(0) can
be determined from Kℓ3 measurements via the slope and the curvature of the scalar form-factor f0(q
2).
In fact, there is some model-dependence also in the order p4 parameters which impacts on |Vus|, and one
should firm up the existing phenomenological estimates by new measurements and/or calculations of the
LEC’s on the lattice.
In addition to these theoretical developments, new experiments and/or analysis have been reported
during this year by several groups. This includes a new, high statistics measurement of the K+ → π0e+ν
(K+e3) branching ratio by the BNL experiment E865
33, which impacts on the determination of |Vus|.
New results in Kℓ3 decays have been reported by the KLOE collaboration at DAΦNE
34,35, based on
the measurements of the decays KL → πµνµ, KL → πeνe, and KS → πeνe. In addition, semileptonic
hyperon decays have been revisited by Cabibbo et al. 36 to determine the Cabibbo angle (or |Vus|).
Finally, a determination of |Vus| has been undertaken from hadronic τ -decays by Gamiz et al. 37. In
this subsection, we summarize these results, some of which are new additions in this field since the
CERN-CKM workshop.
The four Kℓ3 decay widths for the decays K
+
e3, K
0
e3, K
+
µ3, and K
0
µ3 have been analyzed by
Cirigliano et al. 38. Normalizing the decay widths in terms of the quantity fK
0π−
+ (0), evalu-
ated in the absence of the electromagnetic corrections, the following master formula is used to ex-
tract |Vus|fK0π−+ (0) 38,27:
|Vus|fK0π−+ (0) =
(
Γn[γ]
Nn In(λt, 0)
)1/2 (
1
Sew
)1/2
1
1 + δnSU(2) + δ
n
EM +∆In(λt, α)/2
, (20)
where the index n runs over the four modes, Nn = C2nG2FM5n/192π3, with Cn = (1, 1/
√
2) for (K0,K+).
The various corrections and the compilation of the decay widths can be seen in the literature 27. This
yields the following value:
|Vus |fK0π−+ (0) = 0.2115± 0.0015 . (21)
The quantity fK
0π−
+ (0) has been studied in the context of the chiral perturbation theory. The result up
to the next-to-next-to-leading order is known 28:
fK
0π−
+ (0) = 1 + f2 + f4 +O(p6) , (22)
with f2 = −0.023 and f4 = −0.016± 0.008, yielding the Leutwyler-Roos value fK0π−+ (0) = 0.961± 0.008.
This gives 27:
|Vus |Kℓ3 = 0.2201± 0.0024 . (23)
Bijnens and Talavera 32 have included the isospin-conserving part of the O(p6) corrections in the determi-
nation of fK
0π−
+ (0), getting f
K0π−
+ (0) = 0.9760±0.0102, which, in turn, yields |Vus|Kℓ3 = 0.2175±0.0029.
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However, as emphasized by these authors, this result should be treated as preliminary since the isospin-
breaking O(p6) contributions are not yet included. Also, the effect of the curvature in the form factor on
the experimental value remains to be evaluated.
Recently, the E865 collaboration at Brookhaven 33 has published a branching ratio for the decay
K+e3[γ]: BR(K
+
e3[γ]) = (5.13± 0.02(stat)± 0.09(sys)± 0.04(norm))%, which is about 2.3σ higher than the
current PDG value 2 for this quantity. The higher E865 branching ratio translates into a correspondingly
higher value of the product |VusfK−π0+ (0)|:
|Vus fK−π0+ (0)| = 0.2239± 0.0022(rate)± 0.0007(λt) , (24)
which on using the result from Cirigliano et al. 38 for fK
−π0
+ (0) yields
|Vus|E865 = 0.2272± 0.0023(rate)± 0.0007(λt)± 0.0018(f+) . (25)
This differs from the older Kℓ3 result (23) by more than 2σ. Interestingly, the E865 value of |Vus|,
together with the world average for |Vud| given in (19), leads to perfect agreement with the CKM-
unitarity! Denoting the departure from unity in the first row of VCKM by ∆1 (defined earlier), the value
obtained by the E865 group yields ∆1 = 0.0001± 0.0016 33.
The other new addition to this subject is the measurements of |Vus| from the production of the
φ-meson at DAΦNE and its decays into K+K− and KLKS pairs with the subsequent Kℓ3-decays. The
KLOE collaboration at DAΦNE will eventually measure |Vus| precisely (to an accuracy of better than
1%) from all four channels of the KS and KL decays (involving the final states πℓνℓ; ℓ = e, µ) as well as
from the K±ℓ3 decays. Their preliminary results are available in conference reports
34,35 on the following
three modes: KS → πeνe, KL → πµνµ and KL → πeνe. Of these, the analysis of the KS decay mode
is more advanced in terms of the systematics. Concentrating on this decay, its branching ratio has been
measured by KLOE as BR(KS → π−e+νe + c.c.) = (6.81 ± 0.12 ± 0.10) × 10−4. The lifetime of the
KS-meson has been recently measured by the NA48 experiment
39: τ(KS) = 0.89598(48)(51)× 10−10 s,
allowing to have a new precise measurement of the ratio BR(KS → πeνe)/τ(KS). Using the theoretical
analysis of the K0e3 mode discussed earlier, this yields
35:
|Vus| fK0π−+ (0) = 0.2109± 0.0026 , (26)
in excellent agreement with the value given in (21), obtained from the earlier results on Kℓ3 decays.The
corresponding (preliminary) values from the two Kℓ3 decay modes of the KL-meson are similar
34,35,
with |Vus|fK0π−+ (0) = 0.2085 ± 0.0019 (for the πeνe mode) and |Vus|fK
0π−
+ (0) = 0.2106 ± 0.0028 (for
the πµνµ mode). However, as the systematic errors (in particular, for the KL modes) have not yet been
finalized, these numbers should not be averaged yet. Following the advice of the KLOE collaborationa,
we take the value of |Vus| obtained from the better studied KS mode, as the preliminary value of this
quantity from the current DAΦNE measurements:
|Vus|DAΦNE;KS = 0.2194± 0.0030 . (27)
This is in comfortable agreement with the earlier determinations of this quantity given in (23).
While still on the subject of determining |Vus|, there are two non-Kℓ3 estimates of this matrix element
available in the literature, the first estimate is from the study of the semileptonic hyperon decays and
the second is from the hadronic decays of the τ -lepton. We discuss them in turn.
The value listed in the PDG review for |Vus| from hyperon decays |Vus| = 0.2176± 0.0026 is similar
in its precision as the one in (23), obtained from the Kℓ3 decays. However, based on the observation that
the value obtained from hyperon decays is illustrative as it depends on the models to incorporate the
SU(3)-symmetry-breaking corrections, and the theoretical dispersion (model-dependence) is significant,
this value of |Vus| is not included in the world average of |Vus| by the PDG. This state of affairs was
aHelpful communications with Matt Moulson are gratefully acknowledged.
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considered more or less as a theoretical fait accompli and no significant attempt was undertaken to reduce
this model dependence. Recently, Cabibbo et al. 36 have taken a somewhat different approach and have
reported an analysis of the hyperon decays to extract |Vus|. Their main assumption and results are
summarized below.
Denoting a typical hyperon decay by N1 → N2e−νe, the following four decays are reanalyzed by
Cabibbo et al. 36: (N1,N2) = (Λ, p) , (Σ−, n) , (Ξ−,Λ) , (Ξ0,Σ+). The matrix elements for these decays
can be expressed as follows
M = GS√
2
〈N2|Jα(0)|N1〉 [u¯eγα(1 + γ5)vν ] , (28)
where
〈N2|Jα(0)|N1〉 = f1(q2) γα + f2(q
2)
MN1
σαβ q
β + g1(q
2) γα γ5 +
g2(q
2)
MN1
σαβ q
β γ5 , (29)
GS = GFVus(GFVud) for |∆S| = 1(∆S = 0) processes, and the contribution proportional to the electron
mass has been dropped. The analysis by Cabibbo et al. 36 focuses on the experimentally measured decay
rates and the measured quantity g1/f1, which liberates them from estimating this ratio from theory.
This is then used with the theoretical values of f1, f2, and g2, calculated in the SU(3)-symmetry limit
to determine |Vus|. Deviations from the SU(3)-symmetry limits of these quantities are expected to be of
varying magnitude. Corrections to f1 are of second order, due to the Ademollo-Gatto theorem, but the
weak magnetism f2 is not protected by this theorem. Likewise, SU(3)-breaking effects invalidate the usual
argument based on the absence of the second class currents and SU(3) symmetry, which yields g2 = 0. No
precise experimental information is available on g2. Expressing f2/f1 in terms of the anomalous magnetic
moments of the neutron and the proton, and applying the SU(3)-symmetry to the ratio f2/MN1 , where
MN1 is the mass of the parent hyperon, yields
36:
|Vus| (Λ→ pe−ν¯) = 0.2224± 0.0034 ,
|Vus| (Σ− → ne−ν¯) = 0.2282± 0.0049 ,
(30)
|Vus| (Ξ− → Λe−ν¯) = 0.2367± 0.0099 ,
|Vus| (Ξ0 → Σ+e−ν¯) = 0.209± 0.027 ,
giving an average value
|Vus|Hyperon = 0.2250± 0.0027 . (31)
While this analysis is internally consistent, namely that the values of |Vus| returned from the four decays
are compatible with each other, and this observation is used by Cabibbo et al. 36 to argue that the data
are compatible with the assumption that the residual SU(3)-breaking corrections are small, this feature is
less transparent in model-dependent theoretical studies. It is difficult to quantify in a model-independent
way the effects of SU(3)-breaking in f1 and f2 (as well as a non-zero value of g2), which are bound to
renormalize the value of |Vus|. Lattice calculations can clarify the theoretical issues involved, assuming
that they will reach the required precision. Interestingly, the combined value of |Vus| from the hyperon
decays in (31) together with the value of |Vud| in (19) leads to perfect agreement with the CKM unitarity
for the elements in the first row.
Finally, we discuss the novel method advocated by Gamiz et al. 37 to determine |Vus| from the
analysis of the hadronic decays of the τ -lepton using the spectral function sum rules. In this method,
|Vus| and ms, the s-quark mass, are highly correlated and it is difficult to determine both. Since ms
is known from other methods, one could fix its value in the current range, and optimise the analysis to
determine |Vus|. This is what has been done by Gamiz et al., which we briefly summarize below.
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The starting point of this analysis is the moments Rklτ of the invariant mass distributions of the final
state hadrons in the decay τ → ντ +X :
Rklτ ≡
∫ m2τ
0
ds
(
1− s
m2τ
)k (
s
m2τ
)l
dRτ
ds
. (32)
Here R00τ = Rτ , with Rτ defined as follows:
Rτ ≡ Γ(τ
− → hadrons+ ντ (γ))
Γ(τ− → e−ν¯eντ (γ)) = Rτ,V +Rτ,A +Rτ,S , (33)
where the vector (V ), axial-vector (A) and scalar (S) contributions are indicated, with the scalar contri-
bution coming essentially from the us branch of the decay τ− → ντ + u¯s.
The moments can be expressed in a form in which the dependence on |Vud|2 and |Vus|2 becomes
explicit:
Rklτ = 3(|Vud|2 + |Vus|2)∆R

1 + δkl(0) + ∑
D≥2
(
cos2 θCδ
kl(D)
ud + sin
2 θCδ
kl(D)
us
) , (34)
where the short-distance radiative correction ∆R has been encountered earlier, δ
kl(0) is the perturbative
dimension-0 contribution, and δ
kl(D)
ij ≡ (δkl(D)ij,V + δkl(D)ij,A )/2 stand for the average of the vector and axial
vector contributions to the (kl) moments from dimension D ≥ 2 operators in the operator product
expansion of the two-point current correlation function governing τ -decays.
Theoretical analysis in the determination of |Vus| is carried out in terms of the SU(3)-breaking
differences defined as:
δRklτ ≡
Rklτ,V+A
|Vud|2 −
Rklτ,S
|Vus|2 = 3∆R
∑
D≥2
(
δ
kl(D)
ud − δkl(D)us
)
, (35)
which do not involve the perturbative correction δkl(0) and vanish in the SU(3) limit. Concentrating on
the (0, 0) moment for the analysis, for which Gamiz et al. 37 calculate δRτ = 0.229± 0.030 for the r.h.s.
of the above equation, using the experimental input 40 Rτ = 3.642± 0.012 and Rτ,S = 0.1625± 0.0066,
and invoking CKM unitarity to express |Vud| in terms of |Vus|, yields 37
|Vus|τ−decays = 0.2179± 0.0044(exp)± 0.0009(th) = 0.2179± 0.0045 . (36)
The first error is the experimental uncertainty due to the measured values of Rτ and Rτ,S, which is the
dominant error at present but can be greatly reduced if the B-factory data on τ decays is brought to bear
on this problem, and the second error stems from the theoretical error in the calculation of δRτ , which
is dominated by the assumed value for the s-quark mass: ms(2 GeV) = 105± 20 MeV, and should also
decrease in future as the s-quark mass gets determined more precisely. While the current error on |Vus|
from τ -decays is approximately a factor 2 larger at present than the corresponding error on this quantity
from the Kℓ3 analysis, potentially τ -decays may provide a very competitive measurement of |Vus|. Of
course, we also expect substantial progress on the Kℓ3 front from the ongoing experiments.
The present status of |Vus| is summarized in Fig. 1, and is based on the following five measurements:
(i) From the old Kℓ3 data, (ii) from the K
+
e3 measurements by the BNL-E865 collaboration, (iii) from
the KLOE data on KS decays (still preliminary), (iv) from hyperon semileptonic decays, and (v) from
τ -decays. The current world average based on these measurements
|Vus|WA = 0.2224± 0.0017 , (37)
is also shown in this figure. We have added the statistical and systematic errors in quadrature. As not
all the measurements are compatible with each other, we have used a scale factor of 1.3 in quoting the
error. The resulting value of |Vus| is somewhat larger but compatible with the corresponding PDG value,
|Vus|PDG = 0.2196± 0.0026.
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Figure 1. Present status of |Vus| measured in various experiments. Note that the KLOE entry is based on KS decays. The
band results from the current measurements of |Vud| and |Vub|, and imposing the CKM unitarity constraint.
2.3 Unitarity constraint for the first row in VCKM
In discussing the test of the CKM unitarity in the first row, we use the current world average of the
matrix elements |Vud| = 0.9739± 0.0005 to determine from the unitarity constraint a value for |Vus|:
|Vus|unit = 0.2269± 0.0024 . (38)
This is shown as a vertical band in Fig. 1. The current world average |Vus|WA from direct measurements
(37) differs from its value |Vus|unit by 1.5σ. In this mismatch, |Vub| plays no role, as its current value
|Vub| = (3.80+0.24−0.33 ± 0.45)× 10−3 41 is too small.
However, in averaging the value of |Vus|, if one leaves out the entries from the BNL-E865 and Hyperon
data, the former on the grounds of being at variance with the PDG value for BR(K+ℓ3), and the latter due
to the neglect of the SU(3)-breaking corrections in some of the form factors, which can only be estimated
in model-dependent ways, then the resulting world average goes down, yielding |Vus| = 0.2195± 0.0017.
The error is almost the same as the one shown in (37), as the remaining measurements are compatible
with each other, and hence do not require a scale factor (S = 1). This value of |Vus|, together with |Vud|
given above, yields ∆1 = (3.3 ± 1.3) × 10−3, corresponding to a 2.5σ violation of unitarity in the first
row of the CKM matrix. Tentatively, we conclude that the deviation of ∆1 from zero is currently not
established at a significant level. We look forward to the forthcoming results from the KLOE collaboration
(as well as from NA48), on τ -decays from the B-factories, and also improved measurements of gA/gV in
polarized neutron beta-decays, which will yield more precise measurements of |Vus| and |Vud|, enabling
us to undertake a definitive test of the unitarity involving the first row of the CKM matrix.
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3 Current Status of |Vcd| and |Vcs|
Concerning the determination of |Vcd|, nothing much has happened during the last decade! Current value
of this matrix element is deduced from neutrino and antineutrino production of charm off valence d quarks
in a nucleon, with the basic process being νµd → µ−c, followed by the semileptonic charm quark decay
c→ sµ+νµ, and the charge conjugated processes involving an initial ν¯µ beam. Then, using the relation
σ(νµ → µ+µ−)− σ(ν¯µ → µ+µ−)
σ(νµ → µ−)− σ(ν¯µ → µ+) =
3
2
B(c→ µ+X) |Vcd|2 , (39)
one obtains |Vcd| from the current average of the l.h.s., quoted by the PDG 2 as (0.49 ± 0.05)× 10−2,
and B(c→ µ+X), for which the PDG average is B(c→ µ+X) = 0.099± 0.012, yielding
|Vcd| = 0.224± 0.016 . (40)
Compared to |Vus|, the precision on |Vcd| is not very impressive, with δ|Vcd|/|Vcd| = 7%.
Concerning |Vcs|, three methods have been used in its determination:
1. Semileptonic decays D → Kℓ+νℓ,
2. Decays of real W± at LEP: W+ → cs¯(g) and W− → c¯s(g),
3. Measurement of the ratio Γ(W± → hadrons)/Γ(W± → ℓ±νℓ).
We briefly discuss them in turn.
|Vcs| from D → Kℓ+νℓ:
This makes use of the following relation:
Γ(D → Ke+νe) = B(D → Ke
+νe)
τD
=
G2F |Vcs|2
192π3
Φ |f+(0)|2 (1 + δR) , (41)
where Φ is the phase space factor, f+(0) is the dominant form factor in the Dℓ3 decay evaluated at
q2 = 0 (requiring extrapolation of data to q2 = 0), and δR arises from the q
2-dependence of this form
factor. Using 42 f+(0) = 0.7 ± 0.1, coming from the early epoch of the QCD sum rules, the earlier
version of the PDG CKM review 43 quotes a value |Vcs| = 1.04 ± 0.16. The decays D → Kℓνℓ and
D → K∗ℓνℓ have also received quite a lot of attention by the lattice groups in the past. There is almost
a decade old result from the UKQCD collaboration 44, f+(0) = 0.67
+0.07
−0.08, and a relatively recent result
by the Rome Lattice group 45, f+(0) = 0.77 ± 0.04+0.01−0.0 . In fact, the lattice technology has advanced
to a point where precision calculations of the relevant form factors in D → K and D → K∗ can be
undertaken. On the experimental side, one already has a measurement of the form factor in D → K,
and ratios of the form factors in D → K∗ℓνℓ have now been measured with good accuracy, most recently
by the FOCUS photoproduction experiment at Fermilab 46. However, in the current version of the PDG
review 2, the determination of |Vcs| from D → K transitions has been dropped. We hope that in fu-
ture, with improved theory and experiments, this value judgement on the part of the PDG will be revised.
|Vcs| from W+ → cs¯(g) and W− → c¯s(g):
This method involves the process e+e− → W+W−, well measured at CERN, and subsequent
charmed-tagged W±-decays. The ratio
r(cs) = Γ(W+ → cs¯)/Γ(W+ → hadrons) , (42)
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then allows to determine |Vcs|. The weighted average of the ALEPH 47 and DELPHI 48 measurements
yields 2
|Vcs| = 0.97± 0.09 (stat.)± 0.07 (syst.) . (43)
The current precision on |Vcs| from direct W±-measurements is δ|Vcs|/|Vcs| = 11%.
Measurement of the ratio Γ(W± → hadrons)/Γ(W± → ℓ+νℓ):
A tighter determination of |Vcs| follows from the ratio of the hadronic W decays to leptonic decays,
which has been measured at LEP. Using the relation
1
B(W → ℓνℓ) = 3

1 + αs(M2W )
π
∑
i=u,c;j=(d,s,b)
|Vij |2

 , (44)
yields 49 ∑
|Vij |2 = 2.039± 0.025 (B(W → ℓνℓ)) ± 0.001 (αs) , (45)
and gives (on using the known values of the other matrix elements)
|Vcs| = 0.996± 0.013 . (46)
The measurement (45) provides a quantitative test of the CKM unitarity involving the first two rows of the
CKM matrix. This amounts to a violation of unitarity by 1.6σ, and hence is statistically not significant.
The matrix elements |Vcd| and |Vcs| will be measured very precisely in the decays D → Kℓνℓ and
D → πℓνℓ by the CLEO-C and BES-III experiments, with anticipated integrated luminosity of 3 fb−1
and 30 fb−1 at ψ(3770), respectively. These experiments will also allow, for the first time, a complete
set of measurements in D → (K,K∗)ℓνℓ and D → (π, ρ)ℓνℓ of the magnitude and slopes of the form
factors to a few per cent level. From a theoretical point of view, this is an area where the Lattice-QCD
techniques can be reliably applied to enable a very precise determinations of the matrix elements |Vcs|
and |Vcd|. Typical projections 50 at the CLEO-C are: δ|Vcs|/|Vcs| = 1.6% and a similar precision on
δ|Vcd|/|Vcd|.
4 Present Status of |Vcb| and |Vub|
The matrix elements |Vcb| and |Vub| play a central role in the quantitative tests of the CKM theory in
current experiments. In particular, these matrix elements enter in the following unitarity relation
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 . (47)
This is a triangle relation in the complex plane (i.e. ρ¯–η¯ space). The three angles of this triangle are
defined as:
α ≡ arg
(
− V
∗
tbVtd
V ∗ubVud
)
, β ≡ arg
(
−V
∗
cbVcd
V ∗tbVtd
)
, γ ≡ arg
(
−V
∗
ubVud
V ∗cbVcd
)
. (48)
The BELLE convention for these phases is: φ2 = α, φ1 = β and φ3 = γ. In the Wolfenstein parametriza-
tion given above, the matrix elements Vud, Vcd, Vcb and Vtb entering in the above relations are real,
to O(λ3). Hence, the angles β and γ have a simple interpretation: They are the phases of the matrix
elements Vtd and Vub, respectively:
Vtd = |Vtd|e−iβ , Vub = |Vub|e−iγ ; (49)
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and the phase α defined by the triangle relation: α = π − β − γ. The unitarity relation (47) can be
written as
Rbe
iγ +Rte
−iβ = 1 , (50)
where
Rb ≡ |V
∗
ubVud|
|V ∗cbVcd|
=
√
ρ¯2 + η¯2 =
(
1− λ
2
2
)
1
λ
∣∣∣∣VubVcb
∣∣∣∣ ,
(51)
Rt ≡ |V
∗
tbVtd|
|V ∗cbVcd|
=
√
(1− ρ¯)2 + η¯2 = 1
λ
∣∣∣∣VtdVcb
∣∣∣∣ .
The unitarity triangle with unit base, and the other two sides given by Rb and Rt, and the apex defined
by the coordinates (ρ¯, η¯) is shown in Fig. 2. Quantitative tests of the CKM unitarity, being carried
out at the B factories, consists of determining the sides of this triangle through the measurements of
|Vub|, |Vcb| and |Vtd| as precisely as possible, which allows to determine indirectly the three inner angles
α, β, γ, and confronting this information with the direct measurements of the three angles (α, β, γ) (or
φ1, φ2, φ3) through the CP-violating asymmetries. We will return to a quantitative discussion of these
tests in Section 6.
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Figure 2. The unitarity triangle with unit base in the ρ¯ - η¯ plane. The angles α, β and γ are defined in (48) and the two
sides Rb and Rt are defined in (51).
Current status of the matrix elements |Vcb| and |Vub| has been discussed in the literature in great
detail. These include proceedings of the research workshops and conferences on flavour physics held
recently 9,10,51, in particular, the experimental reviews by Gibbons 52, Thorndike 53, and Calvi 54, and
theoretical developments reviewed by Luke 55, Ligeti 56, Lellouch 57, and Uraltsev 58. Updated data are
available on the webcites of the working groups established to perform the averages of the experimental
results in flavour physics 59 and the CKM matrix elements 60. We shall make extensive use of these
resources, focusing on some of the principal results achieved, and discuss their theoretical underpinnings.
4.1 Present status of |Vcb|
Measurements of |Vcb| are based essentially on the semileptonic decays of the b-quark b → cℓνℓ. In
the experiments, one measures hadrons, and hence the inclusive hadronic states B → Xcℓνℓ and some
selected exclusive states, such as B → (D,D∗)ℓνℓ, is as close as one gets to the underlying partonic
weak transition. In the interpretation of data, QCD is intimately involved. In fact, quantitative studies
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of heavy mesons, in particular B-mesons, have led to novel applications of QCD, of which HQET 61
in its various incarnations is at the forefront. Semileptonic B-decays have also received a great deal of
theoretical attention in methods which involve non-perturbative techniques, foremost among them are the
QCD sum rules 62 and Lattice QCD 63. We shall restrict the theoretical discussion to these frameworks.
4.2 Determination of |Vcb| from inclusive decays B → Xcℓνℓ
The theoretical framework to study inclusive decays is based on the operator product expansion (OPE),
which allows to calculate the decay rates in terms of a perturbation series in αs and power corrections
in ΛQCD/mb (and ΛQCD/mc). This tacitly assumes quark-hadron duality, which is supposed to hold
for inclusive decays and also for partial decay rates and distributions, if summed over sufficiently large
intervals (≫ ΛQCD), and weighted distributions (moments). Deviations from this duality are, however,
hard to quantify, and they will be the limiting factor in theoretical precision ultimately. The first term of
this QCD corrected series is the parton model result for the decay b→ cℓnuℓ. Leading O(αs) corrections
were obtained some time ago for inclusive decay rates 64 and lepton energy distribution 65,66,67. In
the meanwhile, the QCD perturbative corrections to the decay rates are known up to order α2sβ0
68,
where β0 = 11 − 2nf/3, with nf being the number of active quarks. This term usually dominates the
O(α2s) corrections, though there exists at least one counter example, namely the inclusive decay width
Γ(B → Xsγ), where the contribution to the width in α2sβ0 is small 69. The result in the MS scheme is 68
Γ(b→ ceν¯e(+g)) = |Vcb|2 G
2
Fm
5
b
192π3
0.52
[
1− 1.67 ( α¯s(mb)
π
)− 15.1 ( α¯s(mb)
π
)2
]
, (52)
where the numerical coefficients correspond to the choice mc/mb = 0.3.
The leptonic and hadronic distributions in B decays are now calculated using techniques based on the
OPE. While the distributions themselves are not calculable from first principles and invariably involve
models, called the shape functions, inclusive decay rates, partially integrated spectra, and moments are
calculable in the OPE approach in terms of the matrix elements of higher (than four) dimension operators.
The book-keeping of the power corrections is as follows. The leading Λ/mb correction to the decay
rates vanishes in the heavy quark limit 70, and the O(Λ2/m2b) effects can be parametrized in terms of
two parameters λ1 and λ2, defined as
71,72,73,74:
λ1 =
1
2mB
〈B(v)|b¯v(iD)2bv|B(v)〉 , λ2 = 1
6mB
〈B(v)|b¯v gs
2
σµνG
µνbv|B(v)〉 , (53)
where bv denotes the b quark field in HQET, with Dµ and Gµν being the covariant derivative and the QCD
field strength tensor, respectively. While λ1 is not known precisely, having a value typically in the range
λ1 = [−0.1,−0.5] GeV2, but λ2 is known from the B∗ − B mass difference to be λ2(mb) ≃ 0.12 GeV2.
Corrections of order αs/m
2
b are still not available, but O(1/m
3
b) corrections to the decay widths have
been calculated 75. They are expressed in terms of six additional non-perturbative parameters, ρ1, ρ2,
and Ti, i = 1, ..., 4. There are two constraints on these six parameters, which reduces the number of free
parameters relevant for B-decays in this order to four. So, including the O(1/m3b) terms, there are in
all six non-perturbative parameters which have to be determined from experimental analysis. They can
be determined, or at least bounded, from the already measured lepton- and hadron-energy moments in
B → Xcℓνℓ and photon-energy moments in the inclusive decay B → Xsγ.
Theoretical results for the inclusive rate and moments depend on the scheme for defining the b-
quark mass. They influence the decay rates more, in particular the branching ratio B(B → Xsγ),
where the scheme-dependence of mb and mc is currently the largest theoretical uncertainty, typically of
order 10% 76, but the moments are less sensitive. We shall discuss here the results in the so-called Υ(1S)
scheme 77,78 (m1Sb denotes the b-quark mass in this scheme and mΥ is the Υ-meson mass), as this scheme
is en vogue in the analyses of the moments by experimental groups. Taking into account the perturbative
corrections to order α2sβ0 and power corrections to order 1/m
3
b , the result for the semileptonic decay
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width Γ(B → Xcℓνℓ) in Υ(1S) mass scheme reads as follows 79
Γ(B → Xcℓνℓ) = G
2
F |Vcb|2
192π3
(mΥ
2
)5 [
0.534− 0.232Λ− 0.023Λ2 − 0.11λ1 − 0.15λ2 − 0.02λ1Λ + (54)
+ 0.05λ2Λ − 0.02 ρ1 + 0.03 ρ2 − 0.05 T1 + 0.01 T2 − 0.07 T3 − 0.03 T4 − 0.051 ǫ− 0.016 ǫ2BLM + 0.016 ǫΛ
]
,
where ǫ and ǫBLM are parameters in the perturbative part, entering through the α
2
sβ0 term
68; the
parameter denoted by Λ is called Λ¯ = mB −mb in the HQET jargon and is defined above in terms of the
Υ(1S) mass by Λ = mΥ/2−m1Sb . The corresponding expressions for the decay widths in other schemes
for the b-quark mass can be seen in the paper by Bauer et al. 79.
Determinations of |Vcb| from this method are based on the analysis of the following measures. For the
lepton energy spectrum, partial rates and moments are defined by cuts on the lepton energy (Eℓ > E0, E1):
R0(E0, E1) =
∫
E1
dΓ
dEℓ
dEℓ∫
E0
dΓ
dEℓ
dEℓ
, Rn(E0) =
∫
E0
Enℓ
dΓ
dEℓ
dEℓ∫
E0
dΓ
dEℓ
dEℓ
, (55)
where dΓ/dEℓ is the charged lepton spectrum in the B rest frame. The moments Rn are known to
order α2sβ0
80 and Λ3QCD/m
3
b
75. For the hadronic moments, the quantities analyzed are the mean
hadron invariant mass and its variance, both with lepton energy cuts E0: S1(E0) = 〈m2X − m¯2D〉|Eℓ>E0
and S2(E0) = 〈(m2X − 〈m2X〉)2〉|Eℓ>E0 , where m¯D = (mD + 3mD∗)/4. Sn are known to order α2sβ0 81
and Λ3QCD/m
3
b
75. For the decay B → Xsγ, the mean photon energy and variance with a photon
energy cut, Eγ > E0, calculated in the B rest frame, have been used: T1(E0) = 〈Eγ〉|Eγ>E0 and
T2(E0) = 〈(Eγ − 〈Eγ〉)2〉|Eγ>E0 . Also, T1,2 are known to order α2sβ0 82 and Λ3QCD/m3b 83.
This theoretical framework has been used by the CLEO 84, BABAR 85 and DELPHI 86 collabora-
tions, and their results for |Vcb| using the moment analysis are as follows:
|Vcb| = (40.8± 0.6± 0.9)× 10−3 [CLEO] ,
|Vcb| = (42.1± 1.0± 0.7)× 10−3 [BABAR] , (56)
|Vcb| = (42.4± 0.6± 0.9)× 10−3 [DELPHI] .
The moments (and hence the values for |Vcb|) are strongly correlated with mb, and are scheme-dependent.
This aspect should not be missed in comparing or combining various determinations of |Vcb|. They can
be averaged to get |Vcb| from inclusive decays
|Vcb|incl = (42.1± 0.7exp ± 0.9theo)× 10−3 , (57)
where we have kept the theoretical error as 0.9, which is an underestimate as no account is taken of the
duality error, probably not negligible at this precision. A value very similar to the above results was
obtained by Bauer et al. 79, using the CLEO data 87,88,89, the earlier BABAR data 90, and data from
the DELPHI Collaboration 91:
|Vcb|incl = (40.8± 0.9)× 10−3 [Bauer et al.] . (58)
A mismatch between the earlier BABAR measurements 90 of the hadron invariant mass spectrum
presented as a function of the lepton energy cut (E0) and the corresponding OPE-based theoretical
analysis of Bauer et al. 79 is now largely gone. The updated BABAR 85 and CLEO 84 data are in
agreement with each other and with the OPE-based theory. This is depicted in Fig. 3 showing the
hadron moment 〈M2X − M¯2D〉 vs. lepton energy cut. Theory bands taking into account the variations in
the input parameters are also given and the details of the analysis can be seen in the CLEO paper 92.
Mutual consistency of the experiments in terms of |Vcb| and m1Sb is shown in Fig. 4. The contours
represent the best fits (∆χ2 = 1) for the hadron moments (from the BABAR 85, CLEO 88 and DEL-
PHI 93 data) and lepton moments (from the CLEO 84 and DELPHI 93 data). One observes from these
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correlations that there is still some residual difference between the best fit contours resulting from the
analysis of the lepton- and hadron-energy moments. The current mismatch remains to be clarified in
future experimental and theoretical analyses. Once the experimental issues are resolved, the (|Vcb| -
m1Sb ) correlation from the hadron and lepton moments can be used to quantify the quark-hadron duality
violation.
4.3 Determination of |Vcb| from exclusive decays B → (D,D∗)ℓνℓ
In exclusive decays, B → (D,D∗)ℓνℓ, one needs to know the hadronic matrix elements of the charged
weak current, 〈D|Jµ|B〉 and 〈D∗|Jµ|B〉. The former involves two form factors, called F+(q2) and F0(q2),
and for the transition to the D∗-meson, one has four such form factors, called in the literature by the
symbols V (q2), Ai(q
2), i = 1, 2, 3. If these form factors can be measured over a large-enough range of q2
and the same can be obtained from a first principle calculation, such as lattice QCD, then exclusive decays
would provide the best determination of |Vcb|. In the absence of a first principle calculation of these form
factors, HQET provides a big help in that the heavy quark symmetries in HQET allow to reduce the
number of independent form factors from six in the decays at hand to just one, called the Isgur-Wise
(IW) function 94 F(ω), where ω = v.v′, with v and v′ being the four-velocities of the B and D(D∗)
meson, respectively. Moreover, HQET provides a normalization of the IW function at the symmetry
point, ω = 1. A lot of attention has been paid to the decay B → D∗ℓνℓ due to Luke’s theorem 95, which
states that symmetry-breaking corrections to F(ω = 1) are of second order, a situation very much akin
to the Ademollo-Gatto theorem for the Kℓ3 form factor f+(0) discussed earlier.
The differential decay rate for B → D∗ℓνℓ can be written as
dΓ
dω
=
G2F
4π3
(
ω2 − 1)1/2 m3D∗ (mB −mD∗)2 G(ω) |Vcb|2 |F(ω)|2 , (59)
where G(ω) is a phase space factor with G(1) = 1. Theoretical issues are then confined to a precise deter-
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mination of the second order corrections to F(ω = 1), the slope of this function, ρ2, and its curvature c,
F(ω) = F(1) [1 + ρ2(ω − 1) + c(ω − 1)2 + ...] . (60)
In terms of the perturbative (QED and QCD) and the non-perturbative (leading δ1/m2 and subleading
δ1/m3) corrections, the normalization of the Isgur-Wise function F(1) can be expressed as follows:
F(1) = η [1 + δ1/m2 + δ1/m3] , (61)
where η is the perturbative renormalization of the Isgur-Wise function, known to two loops, η = 0.960±
0.007 96,97. The formalism for calculating δ1/m2 corrections in HQET has been developed by Falk and
Neubert 98 and Mannel 99. The various non-perturbative parameters entering in δ1/m2 and the slope ρ
2
have been studied in the context of quark models 100, sum rules 101,102,103,104,105 and quenched Lattice
QCD 106,107. The default value used in the BABAR Physics Book 108, F(1) = 0.91± 0.04, has recently
been confirmed in the quenched lattice QCD calculations, including also δ1/m3 corrections
106. The slope
ρ2 is obtained by a simultaneous fit of the data for F(1)|Vcb| and ρ2, and experiments use a form for F(ω)
given by Caprini et al. 109. The resulting values of F(1)|Vcb| and the F(1)|Vcb| - ρ2 correlation from a
large number of measurements from the LEP experiments, CLEO, BELLE and BABAR are summarized
in Fig. 5. They lead to the following world averages 59:
F(1)|Vcb| = (36.7± 0.8)× 10−3 , ρ2 = 1.44± 0.14 [χ2 = 30.3/14] , (62)
17
]-3|  [10cb |V·F(1) 
25 30 35 40 45
·
ALEPH  
  1.6–  2.1 –33.6 
OPAL (partial reco) 
  2.4–  1.2 –38.4 
OPAL (excl) 
  1.8–  1.6 –39.1 
DELPHI (partial reco) 
  2.5–  1.4 –36.8 
BELLE  
  1.9–  1.9 –36.7 
CLEO  
  1.8–  1.3 –43.6 
DELPHI (excl) 
  2.1–  1.8 –38.5 
BABAR  
  1.3–  0.2 –34.1 
Average 
  0.8–36.7 
HFAG
LP 2003
/dof = 30.3/142c
2
r
0 0.5 1 1.5 2
]
-
3
| [1
0
cb
 
|V
·
F(
1) 
30
35
40
45
HFAG
LP 2003
ALEPH
OPAL
(part. reco.)
OPAL
(excl.)
DELPHI
(part. reco.)
BELLE
CLEO
DELPHI 
(preliminary) 
BABAR 
(preliminary) 
AVERAGE
 = 12c D
/dof = 30.3/142c
Figure 5. Present status of F (1)|Vcb| (left frame) and the F (1)|Vcb| - ρ
2 correlation (right frame) from B → D∗ℓνℓ decays.
Note that F (1) is called F(1) in the text. (Figures taken from the Heavy Flavor Averaging Group [HFAG LP2003] 59 .)
which with the value F(1) = 0.91± 0.04 leads to
|Vcb|B→D∗ℓνℓ = (40.2± 0.9exp ± 1.8theo)× 10−3 . (63)
This value is in very good accord with the determinations of |Vcb| from the inclusive decays B → Xcℓνℓ
given in (56) for the Υ(1S)-scheme. While this consistency is striking, the agreement among the various
experiments in the F(1)|Vcb| - ρ2 correlation from the decay B → D∗ℓνℓ is less so, having a rather high
χ2, χ2/d.o.f. = 2.16. A robust average for |Vcb| from both the inclusive and exclusive decays is not yet
available from the Heavy Flavor Averaging Group HFAG 59. It is also not clear to me how to do this as
|Vcb| from the inclusive measurements is obtained in the Υ(1S) scheme, as the quark masses have been
defined in this scheme in the analysis of data, whereas |Vcb| from the exclusive decays does not have this
dependence. An average can be given by weighting the two measurements with their experimental errors
only, leaving the theoretical errors as they are, or one could add them in quadrature assuming they are
independent. This gives
|Vcb| = (41.2± 0.8exp ± 2.0theo)× 10−3 = (41.2± 2.1)× 10−3 , (64)
yielding a precision δ|Vcb|/|Vcb| ≃ 5%. In view of the still open issues (such as duality-related error, quark
mass scheme-dependence in the inclusive decay, large χ2/d.o.f. in B → D∗ℓνℓ decay, which makes the
various experiments compatible with each other only at the expense of an increased error, etc.), a more
precise value of |Vcb|, in my opinion, is not admissible at present. However, despite all the caveats, the
achieved precision in |Vcb| is indeed remarkable.
4.4 Present status of |Vub|
Essentially, there are two methods to measure |Vub|. The first one analyses the inclusive decays B →
Xuℓνℓ, for which the branching ratio lies about a factor 60 below the dominant process B → Xcℓνℓ. This
circumstance makes it mandatory to apply harsh cuts to tag well the b→ u events, invariably bringing in
18
its wake theoretical problems involving enhanced non-perturbative and perturbative effects. The second
method involves the exclusive decays, such as B → (π, ρ, ω)ℓνℓ, which require good knowledge of the
form factors, not yet completely under theoretical control. We briefly summarize the present status for
both the inclusive and exclusive determinations of |Vub|.
4.5 |Vub| from inclusive measurements
The theoretical framework to study the inclusive decays B → Xuℓνℓ is also based on the operator product
expansion. Up to O(1/m2b) order, the result for Γ(B → Xuℓνℓ) can be expressed as follows 110:
Γ(B → Xuℓνℓ) = G
2
Fm
5
b |Vub|2
192π3
(
1− 2.41 αs(mb)
π
− 21.3
(αs
π
)2
+
λ1 − 9λ2
2m2b
+ ...
)
, (65)
of which the first three terms are coming from the perturbative-QCD improved parton decay b → uℓνℓ.
The largest uncertainty in the decay rate is due to the b-quark mass, mb, which is also scheme dependent,
as already discussed. In the Υ(1S)-scheme, the result for |Vub| is numerically expressed as follows 77:
|Vub| = (3.04± 0.06(pert) ± 0.08(mb))× 10−3
(B(B → Xuℓν¯)
0.001
1.6 ps
τB
)1/2
, (66)
where the first error has a perturbative origin and the second is from ∆mb in the Υ(1S)-scheme, m
1S
b =
(4.73 ± 0.05) GeV. If this rate can be measured without significant cuts, then |Vub| can be measured
with an accuracy of O(5%). We shall take this as an ideal case and discuss now the realistic cases when
kinematic cuts are imposed on some of the variables to measure the b→ u semileptonic decays.
As already mentioned, the dominant background is from the decays B → Xcℓνℓ. Noting that the
lowest mass hadronic state in B → Xcℓνℓ is the D-meson, thus its mass mD is used to define the cut
region to suppress b → c transitions. So, the kinematic cut is either (i) on the upper end of the lepton
energy spectrum, with Eℓ > (m
2
B −m2D)/2mB, or (ii) on the momentum transfer squared of the ℓνℓ pair,
q2 > (mB −mD)2, or (iii) on the hadron invariant mass, mX < mD, or (iv) an optimized combination
of some or all of them. These cuts reduce the experimental rates for B → Xuℓνℓ, a handicap which will
be overcome at B-factories with O(108) BB¯ mesons already at hand. However, the cuts also make the
theoretical rates less rapidly convergent in terms of the perturbation series in ΛQCD/mb and αs(mb). The
other disadvantage is that the theoretical rate with a cut depends sensitively (except for a cut on q2) on
the details of the B-meson wave function, or the shape function f(k+)
111. Here k+ is the + component
(using light cone variables) of a residual momentum kµ of order ΛQCD, entering through the relation
pµb = mbv
µ + kµ, where pµb is the momentum of the b-quark in the B meson, and v
µ is the four-velocity
of the quark. This can be seen as follows. With either of the two cuts, Eℓ > (m
2
B −m2D)/2mB, or for the
small hadronic invariant mass region, mX < mD, we have
EX ∼ mb ; m2X = (mbv − q)2 + 2EXk+ + ..., (67)
bringing in the dependence on k+. This dependence is rather mild using the cuts on q
2. The effects
of the kinematic cuts on the decay distributions and rates have been studied at great length in the
literature. In fact, this enterprise has led to a flourishing industry - the (kinematic) cutting technology
using HQET 112,113,114,115,116,117,118,119,120,121! Some applications are discussed here.
In the leading order in ΛQCD/mb, there is a universal function which governs the shape of the charged
lepton energy spectrum, the hadronic invariant mass spectrum in B → Xuℓνℓ and the photon energy
spectrum in B → Xsγ, defined as follows 122
f(k+) =
1
2mB
〈B(v)|b¯vδ(k+ + iD.n)bv|B(v)〉 , (68)
where n is a light-like vector satisfying n.v = 1 and n2 = 0. The physical spectra are obtained by con-
voluting the universal shape function with the perturbative-QCD expressions. Ignoring the perturbative
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and subleading power corrections, a measurement of the photon energy spectrum is a measurement of
the shape function f(k+):
mb
2Γ
(0)
sl
dΓ
dEl
(B → Xulνl) =
∫
dω θ (mb − 2El − ω) f(ω) + . . . , (69)
1
Γ
(0)
γ
dΓ
dEγ
(B → Xsγ) =
∫
dω δ (mb − 2Eγ − ω) f(ω) + . . . = f(mb − 2Eγ) + . . . ,
where the normalization constants for the semileptonic and radiative B-meson decays are:
Γ
(0)
sl =
G2F |Vub|2m5b
192π3
≡ Csl |Vub|2,
Γ(0)γ =
G2Fα|VtbV ∗ts|2m5b
32π4
|Ceff7 |2 ≡ Cγ |VtbV ∗ts|2, (70)
and Ceff7 is the effective Wilson coefficient governing the decay B → Xsγ. Thus, combining the data
on B → Xsγ and the lepton energy spectrum from B → Xuℓνℓ, one can determine in the SM the
following ratio: ∣∣∣∣ VubVtbV ∗ts
∣∣∣∣
2
= 3
α
π
∣∣Ceff7 ∣∣2 Γu(Ec)Γs(Ec) +O (αs) +O
(
ΛQCD
mb
)
, (71)
where Γu(Ec) and Γs(Ec) are the cut-off dependent decay width in Γ(B → Xuℓνℓ; Eℓ > Ec) and the
cut-off dependent first moment of the photon energy spectrum, respectively
Γu(Ec) ≡
∫ mB/2
Ec
dEℓ
dΓu
dEℓ
,
Γs(Ec) ≡ 2
mb
∫ mB/2
Ec
dEγ (Eγ − Ec) dΓs
dEγ
. (72)
It should be stressed that the ratio (71) holds not only in the SM, but also in models where the flavour
changing (FC) transition b→ s is enacted solely in terms of VCKM, such as the minimal flavour violating
supersymmetric models. An example where this relation does not hold is a general supersymmetric model
in which the couplings dis˜j g˜, involving a down-type quark, a squark and gluino, are not diagonal in the
flavour (ij) space. In that case, the decay width for B → Xsγ does not factorize in |VtbV ∗ts|2 and depends
on additional FC parameters.
The relation (71) has been put to good use, in the context of the SM, by the CLEO collaboration 123
through the measurement of the photon-energy spectrum in B → Xsγ 89 and the lepton energy spectrum
in B → Xuℓνℓ, with 2.2 GeV < Eℓ < 2.6 GeV, as the photon energy spectrum has been well measured
in the overlapping range for Eγ , yielding
|Vub| = (4.08± 0.34± 0.44± 0.16± 0.24)× 10−3 , (73)
where the first two uncertainties are of experimental origin and the last two are theoretical, of which
δ|Vub| = ±0.24 × 10−3 is an assumed uncertainty in the relation (71). Combining all the errors in
quadrature leads to |Vub| = (4.08± 0.63)× 10−3, which is a ±15% measurement of this matrix element.
This method of determining |Vub| pioneered by the CLEO collaboration has received a lot of theo-
retical attention lately. In particular, the subleading-twist contributions to the lepton and photon energy
spectra in the decays B → Xuℓνℓ and B → Xsγ, respectively, have been calculated in a number of
papers 124,125,126,127, providing estimates of the subleading correction in (71) indicated as O(
ΛQCD
mb
).
An important feature emerging from these studies is that the various spectra are no longer governed by
a universal shape function f(ω), a feature which is valid only in the leading twist. In subleading twist,
HQET shows its rich underlying structure leading to a number of additional subleading shape functions,
which are no longer universal. The operators Oi needed to calculate the subleading twist contributions
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and the corresponding matrix elements (shape functions) of these operators 〈B|Oi|B〉 can be found, for
example, in the papers by Bauer, Luke and Mannel 124,125. The photon energy spectrum in B → Xsγ
can now be expressed in terms of three structure functions F (ω), h1(ω) and H2(ω) as follows
124
mb
Cγ
dΓ
dEγ
= |VtbV ∗ts|2
[
(4Eγ −mb)F (mb − 2Eγ) + 1
mb
(
h1(mb − 2Eγ) +H2(mb − 2Eγ)
)
+O
(
Λ2QCD
m2b
)]
,
(74)
where Cγ has been defined earlier. Here, F (ω) contains both the leading and sub-leading parts with
F (ω) = f(ω) +O(ΛQCD/mb), and h1(ω) and H2(ω) are the subleading shape functions.
The corresponding lepton energy spectrum in the decay B → Xuℓνℓ now has the following form 125:
mb
2Csl
dΓ
dEℓ
= |Vub|2
[∫
dω θ (mb − 2Eℓ − ω)
(
F (ω)
(
1− ω
mb
)
− 1
mb
h1(ω) +
3
mb
H2(ω)
)
+O
(
Λ2QCD
m2b
)]
,
(75)
where Csl has also been defined earlier. It is obvious that the measurement of either the photon energy
spectrum or the lepton energy spectrum does not allow to determine all three shape functions. Hence,
they will have to be modeled. These subleading corrections modify the relation (71) used in extracting
|Vub|, which can be written as125:∣∣∣∣ VubVtbV ∗ts
∣∣∣∣ =
(
3
α
π
|Ceff7 |2
Γu(Ec)
Γs(Ec)
)1/2
(1 + δ(Ec)) . (76)
Again, δ(Ec) can only be estimated in a model-dependent way. Typical estimates are δ(Ec = 2.2 GeV) ≃
0.15, with δ(Ec) decreasing as the lepton-energy cut Ec decreases, estimated as O(10%) for Ec = 2.0 GeV.
One should use the order of magnitude estimate of the subleading twist contribution δ(Ec) to set the
theoretical uncertainty on |Vub| from this method, which typically is 15%.
These uncertainties can be reduced if one considers more complicated kinematic cuts, such as a
simultaneous cut on mX and q
2 119,55, whose effect has been studied using a model for the leading-
twist shape function f(k+). The sensitivity of the partial decay width Γ(q
2 > q2cut,mX < mcut) on
f(k+) is found to be small, and this is likely to hold also if the subleading shape functions are included.
This method of determining |Vub| has been applied by BELLE using two techniques. The first uses the
decays B → D(∗)ℓνℓ as a tag, and the other uses the neutrino reconstruction technique, as in exclusive
semileptonic decays, combined with a sorting algorithm (called ”annealing”) to separate the event in a
tag and a b→ uℓνℓ side. The method based on D(∗)-tagging yields128 |Vub| = (5.0± 0.64± 0.53)× 10−3.
The result using the annealing method with the cuts mX < 1.7 GeV, q
2 > 8 GeV2 is 129
|Vub| = (4.66± 0.28± 0.35± 0.17± 0.08± 0.58)× 10−3 , (77)
where the errors are statistical, detector systematics, modeling b → c, modeling b → u, and theoretical,
respectively. Combining all the errors yields |Vub| = (4.66± 0.76)× 10−3.
A similar analysis by the BABAR collaboration, in which one of the two B-mesons is constructed
through the hadronic decays B → D(∗)h, and the inclusive semileptonic decay of the other B¯-meson is
measured with the cuts Eℓ > 1 GeV and mX < 1.55 GeV
130, yields
|Vub| = (4.52± 0.31± 0.27± 0.40± 0.25)× 10−3 , (78)
where the errors are statistical, systematics, due to extrapolations to the full phase space, and from the
HQET parameters, respectively.
Finally, the effects of the so-called weak annihilation (WA) 131, which are formally of O(Λ3QCD/m
3
b)
but are enhanced by the phase space factor 16π2 (compared to that of b→ uℓνℓ), introduce an additional
theoretical uncertainty 132. They stem from the dimension-6 four-quark operators in the OPE,
OV−A = (b¯vγµPLu)(u¯γ
µPLbv) , OS−P = (b¯vPLu)(u¯PRbv) , (79)
21
where PL,R = (1± γ5)/2. In the lepton energy spectrum from B → Xuℓνℓ, they enter as delta functions
near the end-point 132:
dΓ(6)
dy
= −G
2
Fm
2
b |Vub|2
12π
f2BmB (B1 −B2) δ(1− y) , (80)
where y = 2Eℓ/mb and fB ≃ 200 MeV is the B meson decay constant; B1 and B2 parameterize the
matrix elements of the operators OV−A and OS−P , respectively:
1
2mB
〈B|OV−A|B〉 = f
2
BmB
8
B1 ,
1
2mB
〈B|OS−P |B〉 = f
2
BmB
8
B2 . (81)
In the vacuum insertion approximation, i.e., assuming factorization, their effect in the spectrum vanishes,
as in this approximation, B1 = B2 = 1(0) for the charged (neutral) B mesons. Hence, they are generated
by non-factorizing contributions and are not yet quantified. These matrix elements are also encountered
in calculating the differences in the B± and B0 lifetimes 133, and we refer to a recent discussion in
the context of lattice QCD 134. However, comparing the extraction of |Vub| from B± → Xuℓνℓ and
B0 → Xuℓνℓ near the end-point of the lepton energy spectrum, one can determine the size of the WA
effects. For the B± decays, they can also be estimated from a related process B± → ℓ±νℓγ 135.
The current results on |Vub| from various inclusive measurements by the LEP, CLEO, BABAR and
BELLE experiments are summarized by HFAG 59. No averaging for |Vub| has been undertaken so far by
this working group. However, the results in (73), (77) and (78) from the CLEO, BELLE and BABAR
collaborations, respectively, have been averaged by Muheim 136 to get |Vub| from the Υ(4S) data, yielding
|Vub|incl = (4.32± 0.57)× 10−3 , (82)
in agreement with the LEP average 137 |Vub| = (4.09± 0.70)× 10−3.
4.6 |Vub| from exclusive measurements
First measurements of the exclusive decays B → πℓνℓ and B → ρℓνℓ were reported by the CLEO collab-
oration in 1996 138. Improved measurements of the rates for B → ρℓνℓ were published subsequently 139.
This year, results based on the entire CLEO data (9.7× 106 BB pairs) were reported 140, including the
measurement of the branching ratio for B+ → ηℓ+νℓ (charge conjugation average is implied):
B(B0 → π−ℓ+νℓ) = (1.33± 0.18± 0.11± 0.01± 0.07)× 10−4 ,
B(B0 → ρ−ℓ+νℓ) = (2.17± 0.34+0.47−0.54 ± 0.41± 0.01)× 10−4 , (83)
B(B+ → ηℓ+νℓ) = (0.84± 0.31± 0.16± 0.09)× 10−4 ,
where the errors are statistical, experimental systematic, form factor uncertainties in the signal, and form
factor uncertainties in the cross-feed modes, respectively. Rough measurement of the q2 distributions
dΓ(q2)/dq2 for the (πℓνℓ) and (ρℓνℓ) modes by splitting the data in three q
2-bins were also reported.
BABAR has also measured the decay B → ρℓνℓ 141:
B(B0 → ρ−ℓ+νℓ) = (3.29± 0.42± 0.47± 0.60)× 10−4 , (84)
where the errors are statistical, systematic and theoretical, respectively.
Extracting |Vub| from these measurements is done by using quark models, QCD sum rules, and
quenched Lattice-QCD calculations for the form factors. We discuss the two main contenders, Lattice
QCD and QCD sum rules, for the semileptonic decays B → πℓνℓ, as this involves (neglecting the lepton
mass) only one form factor, F+(q
2), defined as follows:
〈π(pπ)|b¯γµq|B(pB)〉 =
(
(pB + pπ)µ − m
2
B −m2π
q2
qµ
)
F+(q
2) +
m2B −m2π
q2
F0(q
2) qµ , (85)
with F+(0) = F0(0).
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QCD sum rules 142, in particular Light cone QCD sum rules (LCSRs) 143,144, have been used
extensively to study the form factors in B → π transitions (and other related processes) 62. In the
LCSR, one calculates a correlation function involving the weak current and an interpolating current with
the quantum numbers of the B meson, sandwiched between the vacuum (〈0|) and a pion state (|π〉):
Fµ(p, q) = i
∫
dxeiq.x〈π(p)|T {u¯(x)γµb(x),mbb¯(0)iγ5d(0)}|0〉 . (86)
For large negative virtualities (q2, p.q) of these currents, the correlation function (CF) in the coordinate
space is dominated by the dynamics at distances near the light cone, allowing a light-cone expansion of
the CF (hence, the name). In essence, LCSRs are based on the factorization property of the CF into
non-perturbative light-cone distribution amplitudes (LCDAs) of the pion, called φnπ(u, µ), where u is
the fractional momentum of the quark in the pion and µ is a factorization scale, and process-dependent
hard (perturbative QCD) amplitudes T nH(µ,mb, u, q
2), where q2 is the virtuality of the weak current.
Schematically, the coefficients in front of the Lorentz structures in the decomposition of the CF (86) can
be written as:
C(µ, q2,mb) ∼
∑
n
T nH(µ,mb, u, q
2)⊗ φn(u, µ) , (87)
where the sum runs over contributions with increasing twist, with twist-2 being the lowest, and the symbol
⊗ implies an integration over the variable u. The amplitudes T nH have an expansion in perturbative QCD
(i.e., αs). The same correlation function can also be written as a dispersion relation in the virtuality of
the current coupled to the B-meson. Equating the two, using quark-hadron duality, and separating the
B-meson contribution from higher excited and continuum states, results in the LCSR. As an illustration,
the LCSR for the form factor F+(q
2) in the lowest order in αs and leading-twist has the form
62
F+(q
2) =
1
2m2BfB
e −
m2
B
M2 m2bfπ
∫ 1
∆
du
u
e−
m2
b
−p2(1−u)
uM2 φπ(u, µb) , (88)
where fπ = 132 MeV, M is a Borel parameter, characterizing the off-shellness of the b-quark, and φπ(u, µb)
is the twist-2 LCDA of the pion
φπ(u, µ) = 6u(1− u)
(
1 + aπ2 (µ)C
3/2
2 (2u− 1) + ...
)
. (89)
Here, C
3/2
2 (x) is a Gegenbauer polynomial and a
π
2 (µ) is a non-perturbative coefficient (the second Gegen-
bauer moment) to be determined, for example, from the data on the electromagnetic form factor of the
pion. The lower integration limit denoted by ∆ is defined through ∆ = (m2b − q2)/(sB0 − q2), where sB0
is determined by the subtraction point of the excited resonances and continuum states contributing to
the dispersion integral in the B channel. Assuming quark-hadron duality, this subtraction is performed
at (p+ q)2 ≥ sB0 .
In principle, given the assumption of quark-hadron duality, the LCSRs can be made arbitrarily
accurate, by calculating enough perturbative and non-leading twist contributions to the CF. In practice,
this framework has a number of parameters (such as µ, M , aπi (µ), s
B
0 , mb), whose imprecise knowledge
restricts the precision on the CF. Typically, the state-of-the-art LCSRs for F+(q
2) 145,146,147, which
include αs corrections to the leading-twist and part of the twist-three contributions, and tree level for
rest of the twist-three and twist-four, have an uncertainty of ∼ ±20% 62,148, and it is probably difficult
to make these estimates more precise.
In Lattice QCD, one calculates a three-point correlation function involving interpolating operators
for the B and π mesons and the vector current Vµ ∼ Ψ¯bγµΨq. In the limit of a large time separation, the
correlation function has the following behaviour
Cµ(p, k, tf , ts, ti) = Z1/2B Z1/2π
〈B(k)|Vµ|π(p)〉√
2EB
√
2Eπ
e−Eπ(ts−ti) e−EB(tf−ts) , (90)
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where EB(Eπ) is the energy of a B(π) meson with the three-momentum k(p) and Z1/2B (Z1/2π ) is the
external line factor calculated from the two-point correlation functions involving the interpolating B(π)
fields. Since, one has to go to large time separations to suppress the continuum contribution, one is forced
to restrict the pion momentum in B → πℓνℓ decay to low values. Hence, in lattice calculations, there
is an upper limit on this momentum, |pmax|, prescribed by the requirement to keep the statistical and
discretization errors small. There is also a lower limit on |p| dictated by the difficulty in extrapolations
in |p| and light quark masses. Thus, for example, the FNAL Lattice QCD calculations for the B → π
form factors 149 have as cut-offs |pmax| = 1.0 GeV and |pmin| = 0.4 GeV. This translates into a limited
q2 range q2min < q
2 < q2max close to the zero-recoil point.
Recalling that the differential decay rate for B → πℓνℓ is given by
dΓ
dp
(B → πℓνℓ) = G
2
F |Vub|2
24π3
2mBp
4|F+(E)|2
E
, (91)
where E = pπ.pB/mB is the pion energy in the B-meson rest frame, one calculates the dynamical part
on the lattice over a limited region of |p| 149. Defining
TB(|pmin|, |pmax|) ≡
∫ |pmax|
|pmin|
dp
p4|F+(E)|2
E
, (92)
one combines the theoretical rate with the experimental measurements in the same momentum range of
the pion to arrive at the following relation for |Vub|2,
|Vub|2 = 12π
3
G2FmB
1
TB(|pmin|, |pmax|)
∫ |pmax|
|pmin|
dp
dΓ(B → πℓνℓ)
dp
. (93)
This avoids the need to extrapolate to higher pion momenta (or low q2). The practical problem in using
(93) is the paucity of experimental data in low |p|-region, as the differential decay rate has a kinematic
suppression for low pion momenta.
Alternatively, one has to use models for q2 extrapolation of the Lattice results to lower values of q2.
This is done, for example, by the UKQCD 150 and the APE collaborations 45, which make use of the
LCSRs (discussed above) to constrain the form factors at lower values of q2.
Apart from this, there are also other systematic differences among the various Lattice calculations
of the B → π form factors, the most important of which is related to the fact that for the current lattice
spacing a one has mba > 1. To control lattice spacing effects, one has to do the calculations for values
of the heavy quark mass mQ much smaller than mb and then extrapolate from mQ ≃ 1− 2 GeV, where
the lattice data is available, to the b-quark mass. This, for example, is done by the UKQCD 150 and
APE 45 collaborations. A different route is taken by the FNAL Lattice group 149, in which HQET is
applied directly to the Lattice observables, using the same Wilson action for fermions as adopted by the
other groups, but adjusting the couplings in the action and the normalization of the currents, so that
the leading and the next-to-leading terms in HQET are correct. This allows to perform the calculations
directly at mQ = mb. However, there are still some open issues in this approach what concerns the
non-perturbative matching of the lattice with the continuum. Finally, JLQCD 151 also uses the Fermilab
NRQCD approach. The result of the four Lattice groups for the B → π form factors, F+(q2) and F0(q2),
are shown in Fig. 6, taken from the review by Becirevic 152. These calculations agree at the level of
±20%, though this consistency is less marked for the form factor F0(q2).
The results of the Lattice groups (APE 45, UKQCD 150, FNAL 149, and JLQCD 151) have also
been fitted by a phenomenological form for F+,0(q
2) due to Becirevic and Kaidalov 153
F+(q
2) =
F (0)
(1− q2/m2B∗)(1 − απq2/m2B∗)
; F0(q
2) =
F (0)
1− q2/(βπm2B∗)
, (94)
involving three parameters F (0), απ and βπ. The best-fit solution for F+(q
2) and F0(q
2) is shown by the
dashed curve in Fig. 6. This figure also shows the prediction obtained by the LCSRs 62. The resulting
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Figure 6. Summary of the current (unquenched) Lattice calculations of the B → π form factors F0(q2) and F+(q2) and
from the Light Cone QCD sum rules. The dashed curve shows a parametrization by the Becirevic-Kaidalov model. (Figure
taken from Becirevic 152 .)
theoretical description for the form factors from lattice QCD and LCSRs is strikingly consistent, albeit
not better than ±20%. Further details can be seen elsewhere 152.
In future, with more CPU power at their disposal, it should be possible to increase the pion momentum
range accessible on the lattice, allowing a larger and statistically improved overlap of the lattice results
with the experimental data on B → πℓνℓ. Also, by using the FNAL method of applying HQET directly
to the Lattice observables, or else by doing simulations at larger values of mQ than is the case right now,
theoretical errors on the FFs can be reduced to an acceptable level in the quenched approximation. There
are also other techniques being developed for treating heavy quarks on the Lattice 154. The last step
in this theoretical precision study will come with the estimates of unquenching effects using dynamical
fermions; first unquenched results for B → π form factors are expected soon.
After this longish detour of the currently used theoretical framework, we return to the extraction of
|Vub| from exclusive semileptonic decays. The CLEO result 140 quoted below is obtained by using the
quenched Lattice QCD results for q2 > 16 GeV2 and the LC QCD sum rules for lower values of q2,
|Vub| = (3.17± 0.17+0.16+0.53−0.17−0.39 ± 0.03)× 10−3 [CLEO(exclusive)] . (95)
BABAR 141 uses the theoretical decay width calculated using Lattice QCD, LC QCD sum rules, and
three quark models to estimate the form factors. The combined result is the weighted average of these the-
oretical approaches, where the weight is obtained by the theoretical uncertainty, and an overall theoretical
uncertainty is assigned by taking it to be half of the full spread over these models. The result is 141:
|Vub| = (3.64± 0.22± 0.25+0.39−0.56)× 10−3 [BABAR] . (96)
The two measurements (95) and (96) are consistent with each other, and they have been averaged by
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Schubert 41 to yield a value of |Vub| from the exclusive decays,
|Vub|excl = (3.40+0.24−0.33 ± 0.40)× 10−3 . (97)
However, this value lies below |Vub| measured from the inclusive decays B → Xuℓνℓ, whose current
average is given in (82). The mismatch in the values of |Vub| from the inclusive and exclusive decays
is roughly about 20% and has to be resolved as more precise data and theory become available. The
possibility that in the quenched Lattice QCD and LCSR estimates, the form factor F+(q
2) is estimated
too high by about 20% can not be excluded at present.
Digressing from the discussion of |Vub|, we remark that this trend is also seen in the comparison of
data on B → K∗γ with the LC-QCD sum rule estimates of the B → K∗ form factors. To put this in
a quantitative perspective, we recall that the current branching ratios for the B → K∗γ decays are 59
(again charge conjugated averages are implied)
B(B0 → K∗0γ) = (4.17± 0.23)× 10−5 , B(B− → K∗−γ) = (4.18± 0.32)× 10−5 . (98)
The corresponding theoretical rates have been calculated in the NLO accuracy 155,156,157 using the
QCD-factorization framework 158. An updated analysis based on 155 (neglecting a small isospin violation
in the decay widths) yields
B(B → K∗γ) = (7.4± 1.0)× 10−5
(
τB
1.6 ps
) ( mb,pole
4.65 GeV
)2 (TK∗1 (0, m¯b)
0.38
)2
, (99)
where the default value for the form factor TK∗1 (0, m¯b) is taken from the LC-QCD sum rules
148 b,
and the pole mass mb, pole is the one-loop corrected central value obtained from the MS b-quark mass
m¯b(mb) = (4.26±0.15±0.15) GeV in the PDG reviews 2. Since the inclusive branching ratio for B → Xsγ
in the SM agrees well with the current measurements of the same (discussed below), the mismatch in the
estimates of the exclusive branching ratios in (99) and current measurements (98) in all likelihood has
a QCD origin. Of the possible suspects, form factor is probably the most vulnerable link in the chain
of arguments leading to (99). Interpreting the factorization-based QCD estimates and the data on their
face value, good agreement between the two requires TK
∗
1 (0, m¯b) ≃ 0.27± 0.02. This is shown in Fig. 7
where the ratio
R(K∗γ/Xsγ) ≡ B(B → K
∗γ)
B(B → Xsγ) , (100)
is plotted as a function of TK
∗
1 (0, m¯b). The horizontal bands show the current experimental value for
this quantity R(K∗γ/Xsγ) = 0.125± 0.015. The allowed values of TK∗1 (0, m¯b) are about 25% below the
current estimates of the same from the LC-QCD approach (= 0.38 ± 0.05). There is a need to do an
improved calculation of this (and related) form factors. Along this direction, SU(3)-breaking effects in the
K and K∗ LCDA’s have been recently re-estimated by Ball and Boglione 160. This modifies the input
value for the Gegenbauer coefficients in theK∗-LCDA and the contribution of the so-called hard spectator
diagrams in the decay amplitude for B → K∗γ is reduced, decreasing in turn the branching ratio by about
7% 161. The effect of this correction on the form factor TK
∗
1 (0, m¯b), as well as of some other technical
improvements 160, has not yet been worked out. Updated calculations of this form factor on the lattice
are also under way 162, with preliminary results yielding values for TK
∗
1 (0, m¯b) ∼ 0.27, as suggested
by the analysis in Fig. 7, and considerably smaller than the ones from the earlier lattice-constrained
parameterizations by the UKQCD collaboration 163. Theoretical estimates of the form factors are still in
a state of flux. Phenomenologically, smaller values of the form factors in B → π and B → ρ transitions are
preferred by the data, bringing |Vub| from the exclusive decays more in line with the value of this matrix
bThe decay rates in this approach depend on the effective theory parameter, called ξK
∗
(0), which is related by an O(αs)
relation to the B → K∗ form factor by TK∗1 (0, m¯b) ≃ CK∗ (m¯b)ξ
K∗ (0), with CK∗ (m¯b) = 1.05 - 1.08
159. To keep the
discussion simple, we used this relation to express the rates in TK∗1 (0, m¯b).
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Figure 7. The ratio of the branching ratios defined in Eq. (100), plotted as a function of the QCD form factor TK
∗
1 (0, m¯b)
and the current experimental measurement of this ratio. The solid lines are the central experimental and theoretically
predicted values and the dotted lines delimit the ±1σ bands. (Figure updated from Ref. 155.)
element measured from the inclusive decays. Smaller value of the B → K∗ form factor would also improve
the agreement between the QCD-factorization based estimates for B(B → K∗γ) and experiments.
A robust average of |Vub| based on current measurements is expressly needed to determine one of the
sides (Rb) of the unitarity triangle precisely. This is, however, not yet provided by HFAG
59. A bonafide
average is difficult to undertake, as the common (and experiment-specific) correlated systematic errors
are not at hand, as stated in some of the recent experimental reviews on this subject 52,53. In any case,
the dominant errors on |Vub| are theoretical. Typically, theory-related error from the inclusive measure-
ments is of O(15%) at present (and somewhat higher from the exclusive decays), in comparison with the
experimental error (statistics and detector systematics) on this quantity, which is typically of O(7%).
This is reflected in the world averages for |Vub| presented by Stone 164 and Schubert 41, respectively,
|Vub| = (3.90± 0.16(exp)± 0.53(theo))× 10−3 ,
(101)
|Vub| = (3.80+0.24−0.13(exp)± 0.45(theo))× 10−3 .
Adding the errors in quadrature, the first of these leads to |Vub| = (3.90 ± 0.55) × 10−3, yielding
δ|Vub|/|Vub| = 14%, and a very similar range if one uses the value given in the second. Thus, the
matrix element |Vub| is still considerably uncertain, and we trust that the B factory experiments and
theoretical developments will make a major contribution here, pushing the error down to its theoretical
limit O(5%), mentioned earlier.
Using the current averages, |Vcb| = (41.2± 2.0)× 10−3 and |Vub| = (3.90± 0.55)× 10−3, we get
|Vub|
|Vcb| = 0.095± 0.014 =⇒ Rb =
1
λ
|Vub|
|Vcb| = 0.42± 0.06 , (102)
which determines one side of the unitarity triangle.
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5 Status of the Third Row of VCKM
Knowledge about the third row of the CKM matrix VCKM is crucial in quantifying the FCNC transitions
b → s and b → d (as well as s → d) and to search for physics beyond the SM. The FCNC transitions
in the SM are generally dominated by the top quark contributions giving rise to the dependence on the
matrix elements |V ∗tbVts| (for b → s transitions) and |V ∗tbVtd| (for b → d transitions). Of these, only the
matrix element |Vtb| has been measured by a tree amplitude t→Wb at the Tevatron through the ratio
Rtb ≡ B(t→Wb)B(t→Wq) =
|Vtb|2
|Vtd|2 + |Vts|2 + |Vtb|2 . (103)
The current measurements yield 2: Rtb = 0.94
+0.31
−0.23, which in turn gives:
|Vtb| = 0.96+0.16−0.23 =⇒ |Vtb| > 0.74 (at 95% CL) . (104)
Thus, this matrix element is consistent with unity, expected from the unitarity relation |Vub|2 +
|Vcb|2 + |Vtb|2 = 1, though the current precision on the direct measurement of |Vtb| is rather modest.
(Unitarity gives |Vtb| ≃ 0.9992.) The precision on |Vtb| will be greatly improved, in particular, at a
Linear Collider, such as TESLA 165, but the corresponding measurements of |Vts| and |Vtd| from the tree
processes are not on the cards. They will have to be determined by (loop) induced processes which we
discuss below.
5.1 Status of |Vtd|
The current best measurement of |Vtd| comes from ∆MBd , the mass difference between the two mass
eigenstates of the B0d - B
0
d complex. This has been measured in a number of experiments and is known
to an accuracy of ∼ 1%; the current world average is 59 ∆MBd = 0.502± 0.006 (ps)−1.
In the SM, ∆MBd and its counterpart ∆MBs , the mass difference in the B
0
s - B
0
s system, are calculated
by box diagrams, dominated by the Wt loop. Since (MW ,mt) ≫ mb, ∆MBd is governed by the short-
distance physics. The expression for ∆MBd taking into account the perturbative-QCD corrections reads
as follows 166
∆MBd =
G2F
6π2
ηˆB |VtdV ∗tb|2mBd (f2BdBˆBd)M2W S0(xt) . (105)
The quantity ηˆB is the NLL perturbative QCD renormalization of the matrix element of the (|∆B| =
2,∆Q = 0) four-quark operator, whose value is ηˆB = 0.55±0.01 167; xt = m2t/M2W and S0(xt) = xtf2(xt)
is an Inami-Lim function 168, with
f2(x) =
1
4
+
9
4
1
(1− x) −
3
2
1
(1− x)2 −
3
2
x2 lnx
(1− x)3 . (106)
The quantity f2BdBˆBd enters through the hadronic matrix element of the four-quark box operator, de-
fined as:
〈B¯0q |(b¯γµ(1 − γ5)q)2|B0q 〉 ≡
8
3
f2BqBBqM
2
Bq , (107)
with Bq = Bd or Bs. With ∆MBd and ηˆB known to a very high accuracy, and the current value of the
top quark mass, defined in the MS scheme, m¯t(mt) = (167 ± 5) GeV, known to an accuracy of ∼ 3%,
leading to δS0(xt)/S0(xt) ≃ 4.5%, the combined uncertainty on |Vtd| from all these factors is about
3%. This is completely negligible in comparison with the current theoretical uncertainty on the matrix
element fBd
√
BˆBd . For example, O(αs)-improved calculations in the QCD sum rule approach yield
169
fBd = (210± 19) MeV and 170 fBd = (206± 20) MeV, whereas BBd in the MS scheme in this approach
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is estimated as 171 BBd = 1 to within 10%, yielding for the renormalization group invariant quantity
BˆBd ≃ 1.46, and an accuracy of about ±15% on fBd
√
BˆBd .
Lattice calculations of fBd
√
BˆBd are uncertain due to the chiral extrapolation. This is shown in
Fig. 8 from the JLQCD collaboration 172, in which the quantity ΦfBq ≡ fBq
√
MBq is plotted for q = d, s
as a function of the pion mass squared, with both axes normalized with the Sommer scale r0 determined
from the heavy quark potential at each sea quark mass. The lattice calculations in this figure are done
with two flavours of dynamical quarks u and d, for the u and d quark masses in the range (0.7 - 2.9)ms,
with ms being the strange quark mass. The solid line represents a linear plus quadratic fit in (r0mπ)
2,
which describes the lattice data well. This fit, however, does not contain the chiral logarithmic term,
predicted by the Chiral perturbation theory 173
fBd
√
MBd
(fBd
√
MBd)
(0)
= 1− 3(1 + 3g
2)
4
m2π
(4πfπ)2
ln
m2π
µ2
+ ... , (108)
where terms regular in m2π are omitted, fπ = 130 MeV, and g is the B
∗Bπ coupling in chiral perturbation
theory. A recent lattice calculation 174 gives gB∗Bπ = 0.58± 0.06± 0.10. A related quantity gD∗Dπ has
been determined from D∗ → Dπ decay 175, gD∗Dπ = 0.59 ± 0.01 ± 0.07. The value of g is fixed at
g = 0.6 in drawing the three curves with the chiral behaviour (108) with the three values of the hard
chiral cutoff: µ = 300 MeV (dotted curve), µ = 500 MeV (thin dashed curve) and µ =∞ (thick dashed
curve). Lattice data with the currently used high values of the dynamical quarks is not able to verify the
chiral logarithm. The data are not inconsistent with such a behaviour either.
The chiral behaviour of the bag constant is given by the expression
BBd
B
(0)
Bd
= 1− (1− 3g
2)
2
m2π
(4πfπ)2
ln
m2π
µ2
+ ... , (109)
the coefficient (1− 3g2)/2 is numerically small (= −0.04), as opposed to the coefficient in ΦfBd for which
3(1 + 3g2)/4 = −1.56, with g = 0.6. Hence, extrapolation of the lattice data to the small quark masses
poses no problems for the bag parameters.
Taking this into account, the unquenched lattice QCD calculation from the JLQCD Collabora-
tion yields 172
fBd
√
BˆBd = 215(11)(
+0
−23)(15) MeV , (110)
where the first error is statistical, the second (asymmetric) is the uncertainty from the chiral extrapolation
and the last is the systematic error from finite lattice spacing. The largest error is from the chiral
extrapolation in fBd , which in the conservative estimate of the JLQCD collaboration could be as large as
-10%, with fBd = 191(10)(
+0
−19)(12) MeV. For further discussion, see the recent reviews by Becirevic
176,
Kronfeld 177 and Wittig 178.
We shall use the unquenched lattice result in (110) by adding the errors in quadrature and sym-
metrizing the errors, getting
fBd
√
BˆBd = 210± 24 MeV . (111)
The dependence of |Vtd| on the various input parameters can be expressed through the following numer-
ical formula
|Vtd| = 8.5× 10−3
[
210 MeV
fBd
√
BˆBd
][
∆MBd
0.50/ps
]0.5√
0.55
ηˆB
√
2.40
S0(xt)
, (112)
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Figure 8. Chiral extrapolation of ΦfBd
(filled circles) and ΦfBs (open squares). The quadratic extrapolation is shown by
solid lines, while the fits with the hard cutoff chiral logarithm are shown for µ = 300 MeV (dotted curve), 500 MeV (thin
dashed curve) and ∞ (thick dashed curve). Quenched results are also shown (triangles). (Figure taken from the JLQCD
collaboration 172 .)
where the default value of S0(xt) corresponds to mt(mt) = 167 GeV, and the dependence of this function
on mt
179 is S0(xt) ∼ x1.52t . To get the ±1σ range for |Vtd|, we vary the input parameters within their
respective ±1σ range and add the errors in quadrature. This exercise yields
|Vtd| = (8.5± 1.0)× 10−3 . (113)
In future, unquenched lattice results for fBd and other quantities will be available at smaller values of
the dynamical quark masses (than is the case in the current JLQCD calculation), allowing to check the
chiral logarithmic behaviour of fBd , or at least reduce the error associated with this extrapolation.
Knowing |Vtd| from (113), and |Vcb|, and λ from previous sections, one can determine the other side
of the UT, which has the following central value:
Rt ≡ 1
λ
|Vtd|
|Vcb| = 0.93
[ |Vtd|
8.5× 10−3
][
0.041
|Vcb|
]
. (114)
Taking into account the errors (and taking symmetric errors on |Vtd|), we get Rt = 0.93± 0.12.
5.2 |Vtd| from B → ργ decays
Independent information on |Vtd| (more precisely on ρ¯ and η¯) will soon be available from the radiative
decays B → (ρ, ω)γ. There is quite a lot of theoretical interest lately in this process, starting from
the earlier papers a decade ago 180,181, where the potential impact of these decays on the CKM phe-
nomenology was first worked out using the leading order estimates for the penguin amplitudes. Since
then, annihilation contributions have been estimated in a number of papers182,183,135, and the next-to-
leading order corrections to the decay amplitudes have also been calculated 155,156. Deviations from the
SM estimates in the branching ratios, isospin-violating asymmetry ∆±0 and CP-violating asymmetries
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ACP(ρ±γ) and ACP(ρ0γ) have also been worked out in a number of theoretical scenarios 184,185,186.
These CKM-suppressed radiative penguin decays were searched for by the CLEO collaboration 187, and
the searches have been set forth at the B factory experiments BELLE 188 and BABAR 189. The current
upper limits at 90% C.L. (averaged over the charge conjugated modes) are given in Table 1.
Table 1. 90% confidence level upper limits on the branching ratios (in units of 10−6) for the decays B → ργ and B → ωγ
from the CLEO 187, BELLE 188 and BABAR 189 collaborations.
B(B+ → ρ+γ) B(B0 → ρ0γ) B(B0 → ωγ)
CLEO (9.1 fb−1) 13.0 17.0 9.2
BELLE (78 fb−1) 2.7 2.6 4.4
BABAR (78 fb−1) 2.1 1.2 1.0
The BABAR upper limits on B(B+ → ρ+γ) and B(B0 → ρ0γ) have been combined using isospin
symmetry to yield an improved upper limit 189
B(B → ργ) < 1.9× 10−6 . (115)
Together with the current measurements of the branching ratios for B → K∗γ decays, studied earlier,
this yields a 90% C.L. upper limit on the isospin-weighted and charge-conjugate averaged ratio 189
R¯(ργ/K∗γ) ≡ B(B → ργ)B(B → K∗γ) < 0.047 . (116)
The branching ratios for B → ργ have been calculated in the SM at next-to-leading order 155,156
in the QCD factorization framework 158. As the absolute values of the form factors in this decay and in
B → K∗γ decays discussed earlier are quite uncertain, it is advisable to calculate instead the ratios of
the branching ratios
R±(ργ/K∗γ) ≡ B(B
± → ρ±γ)
B(B± → K∗±γ) , (117)
R0(ργ/K∗γ) ≡ B(B
0 → ρ0γ)
B(B0 → K∗0γ) . (118)
The results in the NLO accuracy can be expressed as 155:
R±(ργ/K∗γ) =
∣∣∣∣VtdVts
∣∣∣∣
2 (M2B −M2ρ )3
(M2B −M2K∗)3
ζ2(1 + ∆R±(ǫ±A , ρ¯, η¯)) ,
(119)
R0(ργ/K∗γ) =
1
2
∣∣∣∣VtdVts
∣∣∣∣
2 (M2B −M2ρ )3
(M2B −M2K∗)3
ζ2(1 + ∆R0(ǫ0A, ρ¯, η¯)) ,
where ζ = T ρ1 (0)/T
K∗
1 (0), with T
ρ
1 (0) and T
K∗
1 (0) being the form factors evaluated at q
2 = 0 in the decays
B → ργ and B → K∗γ, respectively. The functions ∆R±(ǫ±A , ρ¯, η¯) and ∆R0(ǫ0A, ρ¯, η¯), appearing on the
r.h.s. of the above equations encode both the O(αs) and annihilation contributions, and they have a non-
trivial dependence on the CKM parameters ρ¯ and η¯ 155,156. Updating them, incorporating also a shift
in the quantity called λ−1B , related to an integral over the B-meson LCDA, λ
−1
B =
∫∞
0 dk/k φ+(k, µ),
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which has been evaluated in the QCD sum rule approach recently by Braun and Korchemsky 190,
λ−1B = (2.15± 0.50) GeV−1, the result for the functions in (119) is 161
∆R± = 0.056± 0.10 , ∆R0 = −0.010± 0.064 , (120)
where the uncertainties reflect also the variations in the CKM parameters ρ¯ and η¯, for which the ranges
ρ¯ = 0.21± 0.09 and η¯ = 0.34± 0.05 have been used.
Theoretical uncertainty in the evaluation of the ratios R±(ργ/K∗γ) and R0(ργ/K∗γ) is dominated
by the imprecise knowledge of the quantity ζ. In the SU(3) limit ζ = 1; SU(3)-breaking corrections have
been calculated in several approaches, including the QCD sum rules and Lattice QCD. In the earlier
calculations of the ratios, the following ranges were used ζ = 0.76± 0.06 (by Ali and Parkhomenko 155),
ζ = 0.76 ± 0.10 (Ali and Lunghi 185) and 1/ζ = 1.33 ± 0.13, leading to ζ = 0.75 ± 0.07 (Bosch and
Buchalla 191). These ranges reflect the earlier estimates of this quantity in the QCD sum rule approach
182,192,193,194, and indicates substantial SU(3) breaking in the B → V form factors. Now there exists an
improved Lattice estimate of this quantity, with the result 162 ζ = 0.9±0.1, which is within 1σ compatible
with no SU(3)-breaking! We conclude that ζ is at present poorly determined. It is essential to calculate
it precisely if the measurement of R¯(ργ/K∗γ) is to make an impact on the CKM phenomenology.
To illustrate the impact of the current bound on R¯(ργ/K∗γ), we use the following estimate
ζ = 0.85± 0.10 . (121)
Including the uncertainties from other input parameters, the updated results are 161
R±(ργ/K∗γ) = 0.033± 0.012 ,
(122)
R0(ργ/K∗γ) = 0.016± 0.006 .
Combining these with the measured values of the branching ratios B(B± → K∗±γ) and B(B0 → K∗0γ),
the predictions for B(B± → ρ±γ) and B(B0 → ρ0γ) are as follows:
B(B± → ρ±γ) = (1.36± 0.49[th]± 0.10[exp])× 10−6 ,
(123)
B(B0 → ρ0γ) = (0.64± 0.23[th]± 0.04[exp])× 10−6 ,
and B(B0 → ρ0γ) = B(B0 → ωγ) for the stated range of theoretical uncertainty. Comparing these
predictions with the present experimental bounds given in Table 1, we expect that all these branching
ratios lie within a factor 2 of the current experimental bounds, and hence will be measured soon.
The isospin-weighted and charge-conjugation averaged ratio R¯(ργ/K∗γ) is given by the following
expression in the SM 155
R¯(ργ/K∗γ) =
λ2ζ2
2
(M2Bd −m2ρ)3
(M2Bd −m2K∗)3
{[
1− ρ¯+ ε±Aρ¯
]2
+
(
1− ε±A
)2
η¯2
+ Re
[
G1(ρ¯, ε
±
A) + η¯
2G2(ε
±
A)
]
+ (ε±A → ε0A)
}
, (124)
where the NLO contribution are introduced through the functions:
G1(ρ¯, εA) =
2
C
(0)eff
7
{
(1− ρ¯)2
[
A(1)ρsp −A(1)K
∗
sp
]
+ ρ¯(1 − ρ¯)
[
Au + εAA
(1)t
]
+ ρ¯2εAA
u
}
,
(125)
G2(εA) =
2
C
(0)eff
7
{
A(1)ρsp −A(1)K
∗
sp −Au + εA
[
Au −A(1)t
]}
.
Here, ǫA represents the annihilation contribution, estimated as ǫ
±
A ≃ 0.3± 0.07 182 with ǫ0A ≪ ǫ±A due to
being colour- and electric charge suppressed, and the other quantities in (124) and (125) can be seen in
the literature 155.
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The dependence of the ratio R¯(ργ/K∗γ) on |Vtd|/|Vts| is shown in Fig. 9. Note, that this deviates
from a quadratic dependence, which holds only if one neglects the annihilation and O(αs) corrections.
Including these corrections, we have given the dependence of R¯(ργ/K∗γ) on ρ¯ and η¯ explicitly. The solid
curve corresponds to the central values of the input parameters, and the dashed curves are obtained by
taking into account the ±1σ errors on the individual input parameters in R¯(ργ/K∗γ) and adding the
errors in quadrature. The current experimental upper limit on R¯(ργ/K∗γ), given in (116), is also shown.
Taking the least restrictive of the three theoretical curves, the current experimental upper limit yields
|Vtd|/|Vts| < 0.28, to be compared with the SM range |Vtd|/|Vts| = 0.21 ± 0.03, shown as the region
between the two dotted horizontal lines. Conversely, constraining the ratio |Vtd|/|Vts| in the SM range,
we get R¯(ργ/K∗γ) = 0.032± 0.008.
0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10
jV
td
=V
ts
j

R(=K

)

R
(


=
K


)
exp. limit
SM t
 -
Figure 9. Ratio of the branching ratios for the decays B → ργ and B → K∗γ, R¯(ργ/K∗γ), plotted as a function of |Vtd/Vts|.
The current experimental upper limit R¯(ργ/K∗γ) < 0.47 is shown as the horizontal line. The vertical dotted lines demarcate
the ±1σ range of |Vtd/Vts| from the SM-based unitarity fits. The solid curve corresponds to the central values of the input
parameters and the dotted curves delimit the ±1σ range in the NLO corrected calculations for R¯(ργ/K∗γ) in the SM.
(Figure updated from Ref. 155.)
5.3 Present status of |Vts|
There are two measurements at present which yield indirect information on |Vts|, namely the lower bound
on the B0s - B
0
s mass difference ∆MBs and the measurement of the branching ratio B(B → Xsγ). We
discuss them in turn below.
The expression for ∆MBs in the SM can be obtained from the one for ∆MBd in (105) by the
replacements: Bd → Bs, Vtd → Vts. However, as opposed to ∆MBd , ∆MBs is not yet measured, and the
current lower bound (at 95% C.L.) is 59 ∆MBs > 14.4 (ps)
−1
. This can be converted into a lower bound
on |Vts|, knowing fBs
√
BˆBs . The unquenched lattice QCD calculation from the JLQCD Collaboration
for fBs and fBs
√
BˆBs yields
172
fBs = 215(9)(
+0
−2)(13)(
+6
−0) MeV ,
(126)
fBs
√
BˆBs = 255(10)(
+3
−2)(17)(
+7
−0) MeV ,
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where the errors have the same origin as in (110), and the additional error here is due to the ambiguity in
the determination of the s-quark mass. An average of the JLQCD, MILC and CP-PACS data gives 176
fBs
√
BˆBs = 254±13±14±13 MeV. However, a recent calculation of the coupling constants fBs and fDs
in the unquenched lattice QCD including the effects of one strange sea quark and two light sea quarks
by Wingate et al. 195 yields,
fBs = 260± 7± 26± 8± 5 MeV ,
(127)
fDs = 290± 20± 29± 29± 6 MeV ,
where the errors are respectively due to statistics and fitting, perturbation theory, relativistic corrections,
and discretization effects. The result for fBs in (127) is typically 20% higher compared to the one from the
JLQCD collaboration given in (126). As both of these calculations are based on the NRQCD framework
for heavy quarks, the difference between the two lies in the details of the lattice simulations, such as
the dynamical quark masses used and nf , which are different in the two approaches. Based on these
comparisons, we conclude that the current lattice precision on fBs
√
BˆBs is of order 20%.
It has become customary to use the ratio of the mass differences ∆MBd/∆MBs to constrain |Vtd|/|Vts|
from the SM relation 196:
∆MBs
∆MBd
= ξ
MBs
MBd
|V ∗tbVts|2
|V ∗tbVtd|2
, (128)
where
ξ ≡
fBs
√
BˆBs
fBd
√
BˆBd
. (129)
Theoretical uncertainty in ξ is arguably smaller compared to the one in fBs
√
BˆBs , as in the SU(3) limit
ξ = 1, and the uncertainty is really in the estimate of SU(3)-breaking corrections. Thus, δξ ≃ 10% is not
an unrealistic error on ξ. Current estimates can be exemplified by the unquenched lattice calculations of
ξ from the JLQCD collaboration 172
ξ = 1.14(3)(+13−0 )(2)(
+3
−0) . (130)
The single largest uncertainty in ξ is due to the chiral extrapolation - the same source as in the estimates
of fBd
√
BˆBd . Symmetrizing the errors, JLQCD result yields
ξ = 1.19± 0.09 . (131)
It should be remarked that the quantity Ξ ≡ ξfπ/fK is useful to estimate ξ, as the chiral logs largely
cancel in Ξ 197. Using the JLQCD data 172, Kronfeld 177 quotes ξ = 1.23 ± 0.06, with the error
increasing if one includes the preliminary HPQCD results 198, yielding ξ = 1.25±0.10. The errors in this
and the one in (131) are almost the same and about 8%. Thus, ξ has a value in the range 1.1 ≤ ξ ≤ 1.3.
The constraint that a measurement of (or equivalently a bound on) ∆MBs provides on Rt can be
expressed as follows
Rt = 0.90
[
ξ
1.20
]√
17.3/ps
∆MBs
√
∆MBd
0.50/ps
, (132)
where the default value of ∆MBs is the best-fit value from the CKM unitarity fits, discussed in detail
later c. The present bound ∆MBs > 14.4 (ps)
−1 yields
|Vtd|
|Vts| > 0.22 =⇒ |V
∗
tbVts| > 0.034 , (133)
cI acknowledge the help provided by Enrico Lunghi and Alexander Parkhomenko in updating the CKM unitarity fits.
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where the last inequality follows from using |V ∗tbVtd| > 7.5 × 10−3, determined earlier. This is to be
compared with the CKM-unitarity constraint |VtbV ∗ts| = |VcbV ∗cs| + O(λ2), which for the central value of
|Vcb| = 0.041, predicts |Vts| = 0.04.
5.4 Determination of |Vts| from Γ(B → Xsγ)
We now discuss the determination of |Vts| from B(B → Xsγ). The effective Hamiltonian which governs
the transition B → Xsγ in the SM is
Heff = −4GF√
2
V ∗tsVtb
8∑
i=1
Ci(µ)Oi(µ), (134)
which is obtained by integrating out all the particles that are much heavier than the b-quark. The
operators Oi can be seen, for example, in Ref.
199, and unitarity of the CKM matrix is used to factorize
the CKM-dependence of Heff in the multiplicative product V ∗tsVtb.
The decay rate for B → Xsγ is calculated by taking into account the QCD perturbative and power
corrections. What concerns the perturbative corrections, there are two effects: (i) renormalization of the
Wilson coefficients Ci(MW )→ Ci(µb), where µb ∼ O(mb), and (ii) perturbative corrections to the matrix
elements of the operators 〈Oi〉. From step (i), one has a perturbative expansion for Ci(µb) 200
Ci(µb) = C
(0)
i (µb) +
αs(µb)
4π
C
(1)
i (µb) + . . . . (135)
In the leading order, i.e., without the QCD corrections, C
(0)
i (µb) = Ci(MW ) and C
(1)
i (µb) = 0, and of
the Wilson coefficients Ci(MW ) only C7(MW ), corresponding to the electromagnetic penguin operator
O7 = emb/g
2
s(s¯Lσ
µνbR)Fµν , is relevant for the decay b→ sγ. As C7(MW ) is dominated by the (virtual)
top quark contribution, the amplitude M(b → sγ) is proportional to λt = VtbV ∗ts. In this order, the
contributions from the intermediate up and charm quarks are negligible, being power suppressed due to
the GIM mechanism 3. So, in the leading order, the decay width Γ(B → Xsγ) depends quadratically
on |V ∗tsVtb|.
However, including QCD corrections, the power-like GIM-suppression of the intermediate up and
charm quarks is no longer operative. The reason for this is that QCD forces a very significant operator-
mixing between the operator O2 = (s¯LγµcL)(c¯Lγ
µbL), whose Wilson coefficient C2 is of order 1, and the
electromagnetic penguin operator O7, whose Wilson coefficient is much smaller, C7(µ) ≪ 1. Hence the
contribution from the intermediate charm state becomes numerically very important bringing with it the
dependence of the decay amplitude on λc = VcbV
∗
cs. The contribution from the intermediate u-quark
can always be expressed in terms of λt and λc, using the unitarity relation Σu,c,tλi = 0. However, on
noting that λu/λt = O(λ
2), λu can be dropped, to an excellent approximation, yielding λc = −λt, and
the electromagnetic penguin amplitude b→ sγ factorizes in λt (= −λc).
Following this line of argument, one fixes the value of λt = −λc = (41.0± 2.0)× 10−3 in calculating
the SM decay rate for B → Xsγ. Thus, for example, in the MS scheme, taking into account the next-
to-leading order (in αs) and leading order (in 1/m
2
c and 1/m
2
b) power corrections, the SM branching
ratio is 76,201:
B(B → Xsγ) = (3.70± 0.30)× 10−4 , (136)
to be compared with the current experimental world average (based on the CLEO, ALEPH, BELLE and
BABAR measurements) of this quantity 202
B(B → Xsγ) = (3.34± 0.38)× 10−4 . (137)
The consistency of the two implies that the CKM unitarity, implemented through the unitarity relation
VubV
∗
us + VcbV
∗
cs + VtbV
∗
ts = 0 , (138)
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holds within experimental and theoretical precision. Note, that this is a different unitarity relation than
the one given in (47) and shown in Fig. 2. While it does not provide any information on the CKM
parameters ρ¯ and η¯, or for that matter on α, β and γ, it involves the CKM matrix element Vts, apart
from the other known ones, and its best use is to determine |Vts| and its argument δγs.
We address the question how to convert the information on B(B → Xsγ) to determine |Vts|. To do
that, we have to keep the individual contributions from the intermediate u, c and t quarks with their
respective CKM dependencies, λu, λc and λt, and not invoke unitarity, in calculating the decay width
Γ(B → Xsγ). This is just a different book keeping of the partial contributions to the decay amplitude in
the SM. Dropping small numerical contributions (< 2.5%), current measurements of B(B → Xsγ) yield
the following relation 203
|1.69λu + 1.60λc + 0.60λt| = (0.94± 0.07)|Vcb| . (139)
Note the much larger coefficient of λc compared to the coefficient of λt, reflecting the large O2 - O7 mixing
under QCD renormalization. Note also that the relative signs of λc and λt are opposite, which means
that a destructive interference between the charm and top quark contributions is absolutely essential to
explain the observed branching ratio for B → Xsγ. Solving this equation with the known values of the
CKM factors, λc = (41.2± 2.0)× 10−3 and λu (which is complex) from the discussions earlier (or from
PDG) yields 203
λt = VtbV
∗
ts = −(47± 8)× 10−3 . (140)
The reason for the large error on λt is, apart from the experimental precision on B(B → Xsγ), the
relatively small coefficient of this term in (139). Within measurement errors, this determination of λt
is consistent with the CKM unitarity expectations |Vts| = |Vcb| + O(λ2), though it is less precise at
present than |Vcb|. However, due to the interference of the terms proportional to λc and λt, B(B →
Xsγ) determines the relative sign of λt and λc. The sign in (140) is in accord with the Wolfenstein
parametrization given in (4), which has λt = −Aλ2. Hence, A is positive definite.
6 Summary of the Current Status of VCKM and the Weak Phases
The current knowledge of the magnitudes of the CKM matrix elements that we have discussed in the
previous sections is summarized in Table 2. Note, that these are direct measurements in the sense that
unitarity has not been used in arriving at these entries. The corresponding values obtained on using the
unitarity constraints are lot tighter, as also discussed above for some specific matrix elements.
This information can also be expressed in terms of the Wolfenstein parameters and the sides of the
unitarity triangle in the SM:
A = 0.83± 0.04 ,
λ = 0.2224± 0.0020 ,
(141)
Rt = 0.93± 0.12 ,
Rb = 0.42± 0.06 ,
where the range of Rt given above is coming from ∆MBd = 0.503 ± 0.006 (ps)−1. The current lower
bound on ∆MBs also gives a constraint on Rt, which already is quite effective in restricting the allowed
ρ¯ - η¯ space in the SM. Finally, the quantity called R¯(ργ/K∗γ) also constrains ρ¯ and η¯, but the current
upper limit is less effective than either ∆MBd or ∆MBs .
So far, we have seen that the unitarity of the CKM matrix, as determined through the magnitudes
of the matrix elements in each row or each column, holds with deviations which are statistically not
significant. In the rest of this section, we use the information on the CP-violating asymmetries in the
Kaon and B-meson systems to see first the consistency of the data in terms of the sides and the angles of
the unitarity triangle, and then, as the final step, we undertake a fit of all the relevant data to determine
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Table 2. Summary of current measurements of |Vij |.
|Vij | Value δ|Vij |/|Vij |
|Vud| 0.9739± 0.0005 5× 10−4
|Vus| 0.2224± 0.0020 9× 10−3
|Vub| (3.90± 0.55)× 10−3 14%
|Vcd| 0.224± 0.016 7%
|Vcs| 0.97± 0.11 11%
|Vcb| 0.041± 0.002 5%
|Vtd| (8.5± 1.0)× 10−3 12%
|Vts| 0.047± 0.008 17%
|Vtb| 0.96+0.16−0.23 20%
the apex of the unitarity triangle shown in Fig. 2. This will allow us to update the predictions for some
interesting quantities which have either not been measured yet, such as ∆MBs , or not precisely enough,
such as the angles α and γ.
6.1 Precise tests of the CKM theory including CP-violating phases
In addition to the constraints that we have already given in (141), (132) (for ∆MBs), the theoretical
expression for R¯(ργ/K∗γ) given in (124) and (125), and the current experimental bound on this ratio
in (116), there are three precise measurements involving CP violation in the K- and B-meson sectors
providing constraints on the CKM parameters. We discuss them briefly here.
The observed CP-Violation in the KL → ππ and KS → ππ decays yield the following information on
the quantities |ǫK | and Re(ǫ′/ǫ) 2
|ǫK | = (2.280± 0.013)× 10−3 ,
(142)
Re(ǫ′/ǫ) = (16.6± 1.6)× 10−4 .
The value quoted for Re(ǫ′/ǫ) is the world average from the NA48 204 and KTEV 205 collaborations,
including also the earlier results from their forerunners, NA31 and E731, respectively. While Re(ǫ′/ǫ) is
a benchmark measurement in flavour physics, as so far this is the only well established example of CP
violation in decay amplitudes, unfortunately its impact on the CKM phenomenology is muted due to the
imprecise knowledge of the hadronic quantities needed to extract the information on the CKM parameters
quantitatively. Given the hadronic uncertainties, which admittedly are not small, the measured value of
Re(ǫ′/ǫ) is in agreement with the SM estimates. For further details and discussions, the interested reader
is referred to a recent review on this subject by Buras and Jamin 206, where references to the original
theoretical papers in the analysis of Re(ǫ′/ǫ) can also be found.
Recently, time-dependent CP asymmetries in B → J/ψKS and related decays have been measured.
Denoting these asymmetries generically by aψKS(t), one can measure sin 2β (or sin 2φ1) from the time
dependence of the asymmetry
aψKS (t) ≡ aψKS sin(∆MBdt) = sin 2β sin(∆MBdt) . (143)
As opposed to the theoretical predictions for |ǫK | and Re(ǫ′/ǫ), the CP asymmetry aψKS(t) is free of
hadronic uncertainties 207, which allows to write down the above expression. Current measurements
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of aψKS are dominated by the BABAR
208 (aψKS = 0.741 ± 0.067 ± 0.033) and BELLE 209 (aψKS =
0.733± 0.057± 0.028) measurements, and the world average 210,59,
aψKS = 0.736± 0.049 , (144)
is in good agreement with the predictions in the SM 2. We shall also quantify this agreement below.
We now discuss the constraints on the CKM parameters in the SM that follow from the measurements
of |ǫK | and aψKS . The expression for |ǫK | in the SM, including NLO corrections is 211
|ǫK | = CK BˆK (A2λ6η¯)
(
xc (η3f3(xc, xt)− η1) + η2 xt f2(xt)A2 λ4 (1− ρ¯)
)
, (145)
where CK = G
2
F f
2
KmKM
2
W /6
√
2π2∆MK , with
2 ∆MK = (3.490 ± 0.006) × 10−12 MeV the K0 - K0
mass difference and fK = (159.8 ± 1.5) MeV the K-meson coupling constant; xi = m2i /M2W , and f2(x)
and f3(x, y) are the Inami-Lim functions
168, of which we have already given f2(x) in (106), and f3(x, y)
is given by the following expression (for x≪ y)
f3(x, y) = ln
x
y
− 3y
4(1− y)
(
1 +
y
1− y ln y
)
. (146)
The ηi are perturbative renormalization constants calculated in NLO accuracy
167,212. They depend on
the definition of the quark masses, and the values η2 = 0.57 ± 0.01 and η3 = 0.46 ± 0.05 that will be
used for numerical analysis below correspond to the definitions mt = mt(mt) and mc = mc(mc), which
represent the quark masses in the MS scheme at their indicated scales. With this definition, the residual
mt-dependence of η2, and that of η3 on mt and mc, are negligible, but the dependence of η1 on mc is
significant. Following Gambino and Misiak in the CERN-CKM proceedings 9, we shall use
η1 = (1.32± 0.32)
(
1.30
mc(mc)
)1.1
, (147)
and take mc(mc) = 1.25 ± 0.1 GeV. The quantity BˆK is the bag parameter, for which lattice QCD
estimates yield BˆK = 0.86(6)(14)
213. In working out the constraints from ǫK numerically, we shall
take BˆK = 0.86± 0.15.
A useful numerical expression showing the constraints that the current value of |ǫK | provides on the
CKM parameters is as follows 179:
η¯
[
(1− ρ¯)A2 η2 S0(xt) + Pc(ε)
]
A2 BˆK = 0.187, (148)
where S0(xt) = xtf2(xt) ≃ 2.40 (m¯t/167 GeV)1.52, and Pc(ε) summarizes the contribution from the first
row in (145), which depends on both mc and mt. Taking into account the dependence of η1 on mc, this
quantity is estimated as 212 Pc(ε) = 0.29± 0.07.
Measurements of aψKS = sin 2β
207 translate into the following constraints on the Wolfenstein
parameters
sin 2β =
2(1− ρ¯)η¯
(1− ρ¯)2 + η¯2 , or η¯ =
1±
√
1− sin2 2β
sin 2β
(1− ρ¯) . (149)
The constraints resulting from the five quantities (aψKS , |ǫK |,∆MBd ,∆MBs , and Rb) on the CKM pa-
rameters ρ¯ and η¯ are shown in Fig. 10. Of these, the allowed bands correspond to ±1σ errors on aψKS ,
|ǫK |, ∆MBd and Rb, and the constraint shown for ∆MBs is for ξ = 1.28, the maximum value in the
±1σ range given in (131), with ∆MBs > 14.4 (ps)−1. Of the two solutions shown for aψKS , only one
is compatible with the measurement of Rb, i.e. with the SM, and for this solution we have a consistent
description of all the data indicated in this figure; the resulting allowed region is shown as a shaded area.
Note, that this is not a fit, but a simple consistency check of the CKM theory with a large number of
measurements. The three dotted curves labelled as R¯(ργ/K∗γ) refer to the 90% C.L. bound on this
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ratio, and show the current theoretical uncertainty in the interpretation of this bound, which is domi-
nated by the imprecise knowledge of ζ: ζ = 0.75 (the leftmost curve), ζ = 0.85 (the central curve), and
ζ = 0.95 (the rightmost curve).
Fig. 10 is quite instructive. It shows that the knowledge of Rb is required to distinguish between the
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Figure 10. The constraints resulting from the measurements of aψKS , the ratio Rb, ∆MBd , εK , and the upper bounds on
∆MBs and the isospin-weighted and charged-conjugate averaged ratio R¯(ργ/K
∗γ), in the ρ¯ - η¯ plane. The overlap region
is indicated by shaded area.
two allowed solutions for aψKS . However, for the solution compatible with the SM, the allowed region in
the (ρ¯, η¯) plane is now largely determined by the measurement of aψKS and ∆MBd , and the bound on
∆MBs . The constraint from |ǫK | is still required and the compatibility of |ǫK | and aψKS is an important
consistency check of the CKM theory. However, as the bound on ∆MBs becomes stronger, more so if
∆MBs is measured which we anticipate soon, the allowed unitarity triangle could be determined entirely
from the B-meson data. This is potentially good news, as the uncertainty on BˆK is still quite substantial.
This figure also reveals that the theoretical uncertainty on the ratio R¯(ργ/K∗γ) has to decrease by at
least a factor 2 for it to be competitive with the constraints from ∆MBd and ∆MBs . This requires a
dedicated effort from the Lattice community, which is already under way 152. We hope that a robust
calculation of SU(3) symmetry breaking in ζ will soon be undertaken, as experiments are fast approaching
the SM-sensitivity in R¯(ργ/K∗γ).
6.2 A Global fit of the CKM parameters and predictions for α, γ and ∆MBs
To conclude this section, we give here the allowed ranges of the CKM-Wolfenstein parameters and the
angles of the unitarity triangle obtained from a global fit of the data. Several input quantities that enter
in the fits have evolved with time and their current values differ (see, Table 3) from the ones given in
the CERN CKM-Workshop proceedings 9, and also from those used in the popular fits of the CKMfitter
group 60. Hence, a consistent update is not out of place.
First, a few words about the fits. We follow the Bayesian analysis method in fitting the data.
However, it should be pointed out that the debate on the Bayesian vs. Non-Bayesian interpretation of
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Table 3. Input parameters used in the CKM-unitarity fits. Values of the other parameters are taken from the recent
PDG review. 2
Parameter Input Value
λ 0.2224± 0.002 (fixed)
|Vcb| (41.2± 2.1)× 10−3
|Vub| (3.90± 0.55)× 10−3
aψKS 0.736± 0.049
|ǫK | (2.280± 0.13)× 10−3
∆MBd 0.503± 0.006 (ps)−1
η1(mc(mc) = 1.30 GeV) 1.32± 0.32
η2 0.57± 0.01
η3 0.46± 0.05
mc(mc) 1.25± 0.10 GeV
mt(mt) 167± 5 GeV
BˆK 0.86± 0.15
fBd
√
BBd (210± 24) MeV
ηB 0.55± 0.01
ξ 1.19± 0.09
∆MBs < 14.4 (ps)
−1
at 95% C.L.
data is a lively subject and it has implications for the CKM fits. In the present context the issues
involved and the quantitative differences in the resulting profiles of the unitarity triangle are discussed
in depth in the literature 60,9,214. These differences are not crucial for our discussion, but the input
values of the parameters are indeed important. To incorporate the constraint from ∆MBs , we have used
the modified-χ2 method (as described in the CERN CKM Workshop proceedings 215), which makes use
of the ”Amplitude Technique” introduced by Moser and Roussarie 216, in which the time-dependent
oscillation probabilities are modified to have the dependence P (B0s (0) → B0s (t)) ∝ (1 + A cos∆MBst)
and P (B0s (0)→ B0s (t)) ∝ (1−A cos∆MBst). The contribution to χ2 of the fit from the analysis of ∆MBs
is obtained using the following expression
χ2 = 2
[
Erfc−1
(
1
2
Erfc(
1−A√
2σA
)
)]2
, (150)
where A and σA are the world average amplitude and the error, respectively. Relegating the details to a
forthcoming publication 161, the main results are summarized below.
The constraints in the (ρ¯,η¯) plane resulting from the five individual input quantities (Rb, ǫK , ∆MBd ,
∆MBs , and aψKS ) are shown in Fig. 11 and correspond to 95% C.L., in contrast to the ones shown
in Fig. 10. The resulting 95% C.L. fit contour is shown in Fig. 11. The apex of the triangle for the
best-fit solution (χ2 = 0.57 for two variables) is shown by the black dot and corresponds to the values
(ρ¯, η¯) = (0.17, 0.36), with the 68% C.L. range being
0.11 ≤ ρ¯ ≤ 0.23 , 0.32 ≤ η¯ ≤ 0.40 . (151)
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We also show the constraint from the 90% C.L. upper bound on R¯(ργ/K∗γ) for the value ζ = 0.75,
though we have not used this input in the fits. The 68% C.L. ranges of the Wolfenstein parameters
A, ρ¯ and η¯, together with the corresponding ranges for the CP-violating phases α, β, γ, and the mass
difference ∆MBs are given in Table 4. Note that the fit-range for sin 2β coincides practically with the
experimental measurement sin 2β = 0.736± 0.049. If we take away the input value of sin 2β from the fits,
and instead determine sin 2β from the unitarity fit, we get sin 2β = 0.730± 0.085, which is in remarkable
agreement with the experimental value, but less precise. In fact, similar estimates of sin 2β from the
CKM unitarity constraints were obtained in the SM by several groups long before its measurements from
the CP asymmetries 217,218,219,220,221,222. Now, that the measurement of aψKS is quite precise and
its translation into sin 2β is free of hadronic uncertainties, this input has reduced the allowed parameter
space in (ρ¯, η¯)-plane - a feature already noted in the literature 60,185,9,214.
Prediction of ∆MBs from the fits deserves a discussion. First of all, if we take away the bound
on ∆MBs given in Table 3 from the fits, the allowed range for ρ¯ becomes lot larger though η¯ remains
essentially unchanged, yielding 0.08 ≤ ρ¯ ≤ 0.27 and 0.31 ≤ η¯ ≤ 0.41 at 68% C.L. The corresponding
allowed range for ∆MBs in this case is 13.0 ≤ ∆MBs ≤ 21.6 (ps)−1, with the 95% C.L. interval being
[8.6, 26.2] (ps)−1. This range is to be compared with the corresponding one [10.2, 31.4] (ps)−1 from the
CKMfitter group 60. The reason for this apparent mismatch lies in the values of the input parameters ξ
and fBd
√
BBd , for which we take the currently updated Lattice values 1.19± 0.09 and (210± 24) MeV,
as opposed to the values 1.21± 0.04± 0.05 and (228± 30± 10) MeV, respectively, used by the CKMfitter
group. With their input values, the resulting 95% C.L. range for ∆MBs from our fits becomes [10.7, 30.3]
(ps)−1, which is almost identical to theirs. Hence, it is important to know ξ and fBd
√
BBd more precisely.
Including the ∆MBs bound in the fits, we get at 68% C.L. 14.4 ≤ ∆MBs ≤ 20.5 (ps)−1 with the 95%
C.L. range being [14.4, 23.7] (ps)−1.
Table 4. 68% C.L. ranges for the Wolfenstein parameters, CP-violating phases and ∆MBs from the CKM-unitarity fits.
Parameter 68% C.L. Range
ρ¯ 0.11 – 0.23
η¯ 0.32 – 0.40
A 0.79 – 0.86
sin 2β 0.68 – 0.78
β 21.6◦ – 25.8◦
sin 2α −0.44 – 0.30
α 81◦ – 103◦
sin 2γ 0.49 – 0.95
γ 53◦ – 75◦
∆MBs 14.4 – 20.5 (ps)
−1
Concluding this section, we remark that the overall picture that has emerged from the current
knowledge of the CKM parameters and hadronic quantities is that the CKM theory describes all data
on flavour physics remarkably consistently, including |ǫK | and aψKS . Hence, it is very likely that CP
violation in hadronic physics is dominated by the Kobayashi-Maskawa phase. Despite this impressive
synthesis of flavour physics, a clean bill of health for the CKM theory still awaits a number of benchmark
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Figure 11. Constraints on the ρ¯ - η¯ plane from the five measurements as indicated. Note that the curves labelled as
R(ργ/K∗γ) and ∆MBs are obtained from their 95% C.L. upper limits 0.047 and 14.4 (ps)
−1, respectively. The fit contour
corresponds to 95% C.L., with the fitting procedure explained in the text. The dot shows the best-fit value. (Figure updated
from Ref. 185.)
measurements. These include quantitative determination of the other two angles α (or φ2) and γ (or φ3),
and ∆MBs . In all these cases, experiments have well-defined targets to shoot at, as the steady progress
in the knowledge of the CKM parameters, and quite importantly the precise measurement of sin 2β, have
reduced the allowed parameter space substantially. The 95% C.L. ranges for these quantities resulting
from the fits described earlier are:
70◦ ≤ α ≤ 114◦ , 43◦ ≤ γ ≤ 86◦ , 14.4 (ps)−1 ≤ ∆MBs ≤ 23.7 (ps)−1 . (152)
The long run to these goal posts has already started. We anticipate significant measurements of all
three within the next couple of years in experiments at the B factories and Tevatron, but definitely in
experiments planned at the hadron colliders (LHC-B, ATLAS, CMS and BTEV), which will measure all
three angles (α, β, γ) accurately, as well as ∆MBs and a number of rare B-decays, such as Bs → µ+µ−.
Present situation together with some theoretical suggestions is reviewed in the next section.
7 CP Violation in B-Meson Decays
In the preceding section, we briefly discussed the CP asymmetries |ǫK |, Re (ǫ′/ǫ) and aψKS , representing
three different ways in which CP violation has been measured so far in the weak decays of the hadrons.
However, CP violation is a rich and diverse phenomenon 223. This is illustrated in Fig. 12, showing its
various manifestations in the decays of a neutral meson (P 0) into a final CP eigenstate (fCP). Here,
P 0 stands for any of the mesons K0, D0, B0d, B
0
s . As CP asymmetries arise due to the interference of
two different amplitudes with their own weak phases, this figure shows that there are three generic
manifestations of CP violation in P 0 decays.
1. Interference between the two decay amplitudes, called A1 and A2.
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Figure 12. CP violation in neutral mesons decaying into a final CP eigenstate. Each directed line represents an amplitude
with its own weak phase, and the connecting double arrows between these lines indicate possible interference patterns
involving these amplitudes. (Figure taken from Nir 224)
2. Interference between the mass (M12) and width (Γ12) parts of the P
0 – P 0 mixing amplitude, giving
rise to a non-vanishing relative weak phase.
3. Interference of the decay amplitudes with and without mixing, P 0 → P 0 → fCP and P 0 → fCP.
In the decays of charged mesons P± (such as B±, D±, D±s ) and baryons, CP violation can take place
only through the interference in the decay amplitudes.
Assuming CPT invariance, time reversal violation, or T-violation, implies CP violation. In the KM
theory, CP- and T-violation have a common origin, namely the KM-phase of the CKMmatrix. T-violation
has been established in the K0-K0 system. The measured T-violating asymmetry AT = (6.6±1.0)×10−3
is consistent with the measurements of the CP-violating parameter ǫK
2, hence with the KM phase. T-
violations have also been searched for in flavour conserving transitions. The current best upper limits
on the T-violating electric dipole moments (EDMs) have been obtained for the neutron 225, Thallium-
205 226 and Mercury-199 227:
|dn| < 6.3× 10−26 e cm (90% C.L.) ,
|de(Tl− 205)| < 1.6× 10−27 e cm (95% C.L.) , (153)
|de(Hg − 199)| < 2.1× 10−28 e cm (95% C.L.) ,
where the last two are to be interpreted as limits on the EDM of the electron. Judging from the current
upper limit on dn and the prediction of the KM theory dn = O(10
−33) e cm 228, T-violations in flavour
conserving transitions do not provide any information on the KM phase. As a measurement of de is not
foreseen in the SM either, a positive result in any of the three EDMs will be a proof that additional weak
phases are operative in the weak interactions of the hadrons and leptons. In particular, Supersymmetry
has a myriad of weak phases, including the phases of the A and µ terms, which in some parts of the
supersymmetric parameter space are large enough to yield values of the EDMs of the neutron, Hg-199
and Tl-205 atoms just below the present experimental upper bound 229. In some cases, supersymmetric
weak phases will also manifest themselves in CP violation in flavour changing transitions in the B- and
K-meson sectors. For example, such theories may lead to CP-violating effects in the radiative decay
B → Xsγ 230. Recent analyses incorporating the constraints from dn 231 predict CP asymmetry in this
decay close to the current experimental bounds 232
ACP(Xsγ) = 0.004± 0.051± 0.038 =⇒−0.107 ≤ ACP(Xsγ) ≤ 0.099 (90%C.L.) , (154)
ACP(K∗γ) = (−0.5± 3.7)% =⇒ −0.066 ≤ ACP(K∗γ) ≤ 0.056 (90%C.L.) . (155)
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The bounds on ACP(K∗γ) are stronger but they still allow this CP asymmetry to be of O(5%), much
larger than the SM-based expectations 233,234 |ACP(Xsγ)| ≤ 0.5%. It is entirely conceivable that
precision studies of CP violation in B- and K-decays may require the intervention of some of the weak
phases in supersymmetric theories. The search for non-KM weak phases is an important part of the
research programme at the B-factories and later at the hadron colliders and has to be pursued vigorously.
However, we will not discuss these scenarios here, as the principal focus of this review is on the CKM
phenomenology and current data show no significant deviations from the CKM theory.
In this section, we first discuss each of the three classes of CP asymmetries depicted in Fig. 12 and
define the underlying physical quantities which are being sensitively probed in each one of them. This
will be followed by a summary of the existing results on CP asymmetries from BABAR and BELLE in
some of the main decay modes of interest for our discussion, such as J/ψKS , φKS , η
′KS , ππ,Kπ. In the
SM, these asymmetries provide information on the weak phases α, β, γ (or φ1, φ2, φ3), and we review their
current knowledge from the B-factory experiments.
7.1 CP violation in decay amplitudes
As opposed to K-mesons, direct CP violation in the B-meson sector is potentially a very prolific phe-
nomenon as the number of decay channels available in the latter is enormous 235. In practice, however,
measuring some of these asymmetries, which are estimated at several percent or somewhat higher level 236
in decay modes with typical branching ratios of order 10−5, requires O(109) BB¯ pairs (or more). With
the present integrated luminosity of O(108) BB¯ mesons recorded by the BABAR and BELLE detectors,
there are now indications in the data that these experiments are observing the first direct CP asymmetry
in B decays. The case in point is ACP(K+π−) = (−9.5± 2.9)% 59 having a 3σ significance.
To study direct CP asymmetry, we note that unitarity can be used to write the decay amplitudes
A(B → f) and its CP-conjugate A(B¯ → f¯) as:
A(B → f) = |A1|e+iθ1e+iδ1 + |A2|e+iθ2e+iδ2 ,
(156)
A(B¯ → f¯) = |A1|e−iθ1e+iδ1 + |A2|e−iθ2e+iδ2 ,
where θ1 and θ2 are the weak phases, and the strong interaction amplitudes |Ai|e+iδi (i = 1, 2) contain
the CP-conserving strong phases δi. With the help of these amplitudes, the CP-rate asymmetry can be
written as
ACP(f) ≡ Γ(B¯ → f¯)− Γ(B → f)
Γ(B¯ → f¯) + Γ(B → f) =
2|A1||A2| sin(δ1 − δ2) sin(θ1 − θ2)
|A1|2 + 2|A1||A2| cos(δ1 − δ2) cos(θ1 − θ2) + |A2|2 . (157)
The goal is to extract the weak phase difference θ ≡ θ1− θ2 from the measured partial rate asymmetries,
for which knowledge of the strong interaction amplitudes |A1|, |A2| and the strong-phase difference
δ ≡ δ1 − δ2 is essential. The required strong phase difference involving a tree and penguin amplitudes
δ = δP −δT , or involving two penguin amplitudes with different strong phases δ = δP −δP ′ , are generated
by the so-called Bander-Silverman-Soni mechanism 237. In addition, final state interactions also generate
strong phases, which have to be estimated or measured.
From the CP-averaged decay rate (Γ(B → f)+Γ(B¯ → f¯))/2 and the CP asymmetry ACP(f), one has
two equations with four unknowns which we take as r ≡ |A2|/|A1|, δ, θ, and |A1|, with r < 1. Hence, one
has to use additional experimental input and assumptions. For the decays B → h1h2, with hi belonging
to a U(3) nonet of (usually vector or pseudoscalar) mesons, an approximate SU(3) symmetry is invoked
which allows to express |A1| in terms of a known branching ratio dominated by this amplitude. This
then leaves only three unknowns with two constraints, which is still not sufficient to determine all the
parameters, but allows to derive bounds on the weak phase θ which could be useful if data is benevolent.
While the phenomenology of direct CP violation is rich 236, a theoretically robust description is
difficult and not yet at hand. Determining the weak phases from the observed asymmetries and decay
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rates requires a good control over the ratios of the amplitudes |AP /AT |, |AP ′/AT |, and |AP /AP ′ | etc.,
and the corresponding strong-phase differences δP − δT , δP ′ − δT and δP − δP ′ , where we are assuming
that there are two different penguin amplitudes, one generated by the exchange of gluons and the other
by electroweak bosons (γ and Z). Of course, direct CP asymmetries also arise when two different tree
amplitudes interfere, such as in ACP(DK). Anyway, calculating them from first principles with a non-
perturbative technique, such as Lattice QCD, is simply not on the cards, as the amplitudes |Ai|eiδi
depend on 〈h1h2|O|B〉, where O is a four-quark operator. We know all too well that the vengeance
of strong interactions is merciless in the analysis of Re(ǫ′/ǫ) in K-meson decays involving the matrix
elements 〈ππ|O|KL,S〉, which has hindered the extraction of any information on the CKM parameters
from this measurement.
One would like to argue that strong interaction effects are tractable in B-decays due to the large
mass of the b-quark, and hence calculable using techniques based on 1/mb-expansion and perturbative
QCD 158,238. However, the dynamical scale in B → h1h2 decays is not set by the inverse b-quark mass,
1/mb, but by a lower value, of order 1 -2 GeV - the typical virtuality of a gluon nested somewhere in
the Feynman diagrams. This raises the question if perturbative methods are adequate at such low scales.
Jury is still out on this issue, but when the jury returns one should not be surprised at an unfavourable
verdict for the perturbative-QCD inspired factorization models.
Some help in extracting the weak phases from data can certainly be sought by using arguments based
on the isospin and flavour SU(3) symmetries. The most celebrated use of the isospin symmetry is in the
extraction of the phase α (or φ2) from the B → ππ decays 239. While isospin is a good symmetry, there
are still missing experimental links to complete the chain of arguments to determine the weak phase α in
a model-independent way. However, use of the SU(3) symmetry is more problematic. We have seen that
the issue of SU(3)-breaking in simpler quantities, such as the ratios ξ and ζ, is far from being settled.
In the much more complicated situation in non-leptonic decays, SU(3) symmetry breaking effects are at
best modeled, often based on the assumed properties of the factorized amplitudes. This lack of a robust
theoretical basis and/or data introduces hadronic uncertainties in the extraction of the weak phases from
data. We shall discuss applications of these methods in the context of B → ππ and B → Kπ decays to
quantify some of the issues involved.
7.2 Indirect CP violation involving B0 - B0 mixing amplitudes
Indirect CP asymmetries involve an interference between the absorptive and dispersive parts of the
amplitudes in the B0d - B
0
d and B
0
s - B
0
s mixings. Their experimental measures are the charge asymmetries
ASL(B0d) and ASL(B0s ):
ASL(B0) ≡ Γ(B
0 → ℓ+X)− Γ(B0 → ℓ−X)
Γ(B0 → ℓ+X) + Γ(B0 → ℓ−X) =
1− |q/p|4
1 + |q/p|4 , (158)
where the ratio q/p is defined as follows (
q
p
)2
≡ 2M
∗
12 − iΓ∗12
2M12 − iΓ12 , (159)
and the off-diagonal elements M12 and Γ12 govern the mass difference (∆MB) and the width-difference
(∆ΓB) between the two mass eigenstates, respectively. Thus,
ASL(B0d) = Im
(
Γ12(Bd)
M12(Bd)
)
, ASL(B0s ) = Im
(
Γ12(Bs)
M12(Bs)
)
. (160)
Parameterizing the ratio Γ12(Bq)/M12(Bq) = rqe
iζq , SM estimates are
ASL(B0d) = rd sin ζd ≃ O(10−3) , ASL(B0s ) = rs sin ζs ≃ O(10−4) . (161)
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Present measurements yield 59 ASL(B0d) = (0.1 ± 1.4) × 10−2. The bound on ASL(B0d) does not probe
the SM, but constrains some beyond-the-SM (BSM) scenarios 240. Combining the data on the direct CP
asymmetry ACP(B+ → J/ψK+), one can get an improved bound on |q/p| 224, and we shall discuss it
later. However, for all practical purposes discussed here, one can set |q/p| = 1 for the B0d -B0d system.
Currently, there is no experimental bound on ASL(B0s ).
It is worth pointing out that the analogue of the charge asymmetry (158) in the K0 - K0 system,
namely the CP-violating asymmetry in the semileptonic decays KL → π±ℓ∓νℓ, defined as,
δℓ ≡ Γ(KL → π
−ℓ+νℓ)− Γ(KL → π+ℓ−νℓ)
Γ(KL → π−ℓ+νℓ) + Γ(KL → π+ℓ−νℓ) , (162)
is a well measured quantity 2 δℓ = (3.27 ± 0.12) × 10−3. This value is consistent with the relation
δℓ = 2Re(ǫK)/(1 + |ǫK |2) ≃ 2Re(ǫK), and the experimental value 2 of Re(ǫK). Hence, the asymmetry δℓ
arises entirely from the imaginary part of M12(K), which in the SM is given by Im(V
∗
tsVtd).
Current and planned experiments at the e+e− and hadronic B factories are not anticipated to reach
the SM-sensitivity in ASL(B0d) (even less so in ASL(B0s )), and, hence, a measurement of any of these
asymmetries will be a sure signal of BSM physics.
7.3 Interplay of mixing and decays of B0 and B0 to CP eigenstates
As already mentioned, this class of CP asymmetries involves an interference between the decaysB0 → fCP
and B0 → B0 → fCP. Due to mixing these CP asymmetries are time-dependent, and the two time-
dependent functions cos(∆MBt) and sin(∆MBt) can be measured, allowing to extract their coefficients
Cf and Sf , respectively:
AfCP(t) ≡ Γ(B
0(t)→ f)− Γ(B0(t)→ f)
Γ(B0(t)→ f) + Γ(B0(t)→ f) = −Cf cos(∆MBt) + Sf sin(∆MBt) , (163)
where
Cf = −Af = 1− |λf |
2
1 + |λf |2 , Sf =
2Imλf
1 + |λf |2 , (164)
and the dynamical quantity λf is given by:
λf = (q/p)ρ¯(f) ; ρ¯(f) =
A¯(f)
A(f)
. (165)
Concentrating now on B0d and B
0
d decays, the amplitudes A(f), A¯(f) and q/p are defined as follows
2:
A(f) = 〈f |H |B0d〉 ; A¯(f) = 〈f |H |B0d〉 ; q/p =
V ∗tbVtd
VtbV ∗td
= e−2iφmixing = e−2iβ . (166)
If only a single decay amplitude is dominant, then one can write:
ρ¯(f) = ηfe
−2iφdecay ⇒ |ρ¯(f)| = 1 , (167)
where ηf = ±1 is the intrinsic CP-Parity of the state f . In this case, |λf | = 1, and one has
Sf = Im(λf ) = −ηf sin 2(φmixing + φdecay) , Cf = 0 , (168)
and the CP asymmetry AfCP has a very simple interpretation:
AfCP(t) = Sf sin(∆MBt) . (169)
If, in addition, φdecay = 0, which is the case for the transitions b → cc¯s, b → ss¯s and b → dd¯s, then a
measurement of Sf is a measurement of sin 2θmixing (modulo the sign −ηf ). The current thrust of the
BABAR and BELLE experiments in CP asymmetry measurements is indeed in extracting Sf and Cf for
a large number of final states.
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7.4 Current status of CP asymmetries in b→ cc¯s and b→ ss¯s decays
We now discuss the coefficients Sf and Cf for f = J/ψKS , φKS , η
′KS ,K
+K−KS . Current data on
these and some other final states are summarized in Table 5. The values quoted for f = J/ψKS are
averages over several decay modes of the quark decay b → cc¯s and include also the final states J/ψKL
and J/ψK∗, with the latter angular momentum analyzed into states with well-defined CP-parities and
taking into account the intrinsic CP-parity, and some other related states 210. Also, the state K+K−KS
is not a CP eigenstate and an angular analysis like the one carried out for the B → J/ψK∗ case has not
yet been undertaken due to limited statistics. However, using arguments based on branching ratios of
related modes, BELLE collaboration 241 concludes that the K+K−KS state is predominantly a CP-even
eigenstate, with a fraction 1.03± 0.15± 0.05.
In the SM, SJ/ψKS and CJ/ψKS are determined by the tree amplitude b → cc¯s with the penguin
amplitude suppressed by λ2. In any case, both the T and P amplitudes have the same phase, and hence
in the SM SJ/ψKS = sin 2β (or sin 2φ1) and CJ/ψKS = 0 (or |λJ/ψKS | = 1). Comparison of SJ/ψKS with
the indirect estimates of the same discussed earlier shows that the agreement with the SM expectations
in this decay mode holds quantitatively. This is a great triumph for the KM mechanism of CP violation.
The present measurement CJ/ψKS = 0.052
+0.048
−0.046 is in agreement with no direct CP violation in the
decays B± → J/ψK±. The current bound 59
ACP(B+ → J/ψK+) = |A¯/A|
2 − 1
|A¯/A|2 + 1 = −0.007± 0.019 , (170)
yields |A¯/A| = 0.993± 0.018. Combined with |q/p| = 0.9996+0.0068−0.0067 from ASL(B0d), this yields |λJ/ψKS | =
0.992± 0.019, in precise agreement with |λJ/ψKS | = 1.
Going down the entries in Table 5, we note that the final states φKS andK
+K−KS are determined by
the penguin transition b→ ss¯s, which has the weak phase π. The final state η′KS receives contributions
both from the penguin b → ss¯s and b → sd¯d amplitudes and the tree amplitude b → uu¯s, due to the
uu¯ content of the η′-meson wave function. The tree amplitude, however, is CKM suppressed. So, to a
good approximation, also this final state is dominated by the penguin transitions b→ ss¯s and b→ sd¯d,
and has the weak phase π in the decay amplitude. Thus, in the SM, we expect that for these decays
(f = J/ψKS, φKS , η
′KS,K
+K−KS)
− ηfSf = sin 2β , Cf = 0 . (171)
The current measurements of Sf and Cf are summarized in Table 5. The data are from BELLE
241 and
BABAR 242, updated by Browder 210 at the Lepton-Photon Conference and the Summer 2003 updates
by HFAG 59. Note that ηJψKS = ηφKS = ηη′KS = −1, but ηK+K−KS = +1 due to the dominance of the
CP = +1 eigenstate in this mode. One sees that within the experimental errors, SM predictions Cf = 0
for the final states specified in (171) are in agreement with the data, though the errors in the individual
modes are still quite large. On the other hand, SφKS and to a lesser extent also Sη′KS , appear to be out
of line with the SM expectations (171). However, it should be noted that the two experiments BABAR
and BELLE are not consistent with each other 210,241, with SφKS (BELLE) = −0.96 ± 0.50+0.09−0.11 and
SφKS (BABAR) = +0.45 ± 0.43 ± 0.07, differing by 2.1σ. Following the PDG rules 2, one has to scale
the error in SφKS given in Table 5 by this factor, yielding SφKS = −0.14± 0.69, which is only 1.3σ away
from SJ/ψKS = 0.736± 0.049, and hence the difference between the two is not all that compelling.
As the current statistics is low, it is helpful to combine the three (b→ ss¯s) penguin-dominated final
states. Defining −ηfSf ≡ sin 2βeff , and averaging over the three final states gives 59
〈sin 2βeff〉 = 0.24± 0.15 (C.L. = 0.11) ,
(172)
〈Ceff〉 = 0.07± 0.09 (C.L. = 0.76) .
The two experiments (BABAR and BELLE) are still hardly compatible with each other in 〈sin 2βeff〉;
in contrast the measurements of 〈Ceff〉 are quite consistent. The current average of 〈Ceff〉 within errors
47
Table 5. The coefficients Sf and Cf = −Af from time-dependent CP asymmetry AfCP(t), taken from the HFAG listings
59
[BE(BA) stands for a BELLE (BABAR) entry].
Sf Cf
SJ/ψKS = 0.736± 0.049 CJ/ψKS = 0.052+0.048−0.046
SφKS = −0.14± 0.33 CφKS = −0.04± 0.24
Sη′KS = +0.27± 0.21 Cη′KS = 0.04± 0.13
SK+K−KS [BE] = −0.51± 0.26± 0.05 CK+K−Ks [BE] = 0.17± 0.16± 0.05
SJ/ψπ0 = −0.40± 0.33 CJ/ψπ0 = 0.13± 0.24
SD∗D∗ [BA] = 0.06± 0.37± 0.13 CD∗D∗ [BA] = 0.28± 0.23± 0.02
S+−(D
∗+D−)[BA] = −0.82± 0.75± 0.14 C+−(D∗+D−)[BA] = −0.47± 0.40± 0.12
S−+(D
∗−D+)[BA] = −0.24± 0.69± 0.12 C−+(D∗−D+)[BA] = −0.22± 0.37± 0.10
Sππ = −0.58± 0.20 Cππ = −0.38± 0.16
also agrees with the corresponding quantity measured in the b→ cc¯s transitions, with CJ/ψKS −〈Ceff〉 =
0.018± 0.10. However, the current measurements yield 210,59
sin 2β − 〈sin 2βeff〉 = 0.50± 0.16 , (173)
which is a 3.1σ effect on the face value. Taking into account the scale factor in 〈sin 2βeff〉 increases the
error, yielding sin 2β − 〈sin 2βeff〉 = 0.50 ± 0.25, which differs from 0 by 2σ. This difference is more
significant than SJ/ψKS − SφKS , but still does not have the statistical weight to usher us into a new era
of CP violation. We have to wait for more data.
While there are already quite a few suggestions in the recent literature explaining the difference
SφKS − SJ/ψKS in terms of physics beyond the SM, we will not discuss them as the experimental sig-
nificance of the effect is marginal. However, a more pertinent question to ask is: How well are the SM
equalities given in (171) satisfied? This point has been investigated recently by Grossman et al. 243.
Following their notation, the SM amplitudes in these decays can be parametrized as:
Af ≡ A(B0 → f) = V ∗cbVcsacf + V ∗ubVusauf , (174)
where acf is dominated by the b → ss¯s gluonic penguin diagrams and auf gets contributions from both
penguin and b→ uu¯s tree diagrams. The second term is CKM-suppressed compared to the first:
Im
(
V ∗ubVus
V ∗cbVcs
)
=
∣∣∣∣V ∗ubVusV ∗cbVcs
∣∣∣∣ sin γ = O(λ2) sin γ . (175)
It is conceivable though not very likely that the CKM-suppression is offset by a dynamical enhancement
of the ratio auf/a
c
f . Note that |auf/acf | ∼ 1 (from penguins), but |auf/acf | (from tree) could be ≫ 1. To
quantify this, Grossman et al. 243 define
ξf ≡
V ∗ubVusa
u
f
V ∗cbVcsa
c
f
⇒ Af = V ∗cbVcsacf (1 + ξf ) . (176)
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SU(3) allows to put bounds on |ξf |:
− ηfSf − sin 2β = 2 cos 2β sin γ cos δf |ξf | ,
(177)
Cf = −2 sin γ sin δf |ξf | ,
where δf = arg(a
u
f/a
c
f ) and ξf also characterizes the size of Cf . Note that δf can be determined from
tan δf = (ηfSf + sin 2β)/(Cf cos 2β). However, present bounds are not very restrictive due to lack of
information on some decays and additional assumptions are required to be more quantitative. Typical
estimates are 243:
|ξη′KS | < 0.36 [SU(3)]; 0.09 [SU(3) + Leading Nc] ,
|ξφKS | < 0.25 [SU(3) + Non− cancellation] , (178)
|ξK+K−KS | < 0.13 [U − Spin] ,
where the various assumptions in arriving at the numerical inequalities have been specified. More data
and further theoretical analysis are required to further restrict |ξf | in a model-independent way. Hence,
at this stage, one should use values of ξf indicated in (178).
7.5 Current status of the CP asymmetries in b→ cc¯d decays
CP asymmetries in some of the final states which are induced by the transition b → cc¯d have
also been studied by the BABAR and BELLE collaborations. The coefficients Sf and Cf for f =
J/ψπ0, D∗D∗, D∗+D−, D∗−D+ measured through the time-dependent CP-asymmetry in these chan-
nels are given in the lower part of Table 5. Note that the entry for f = J/ψπ0 is the average of the
BABAR 244 and BELLE 245 experiments, but the entries for f = D∗+D−, f = D∗−D+ and f = D∗D∗
are from the BABAR collaboration 246,247 alone with the BELLE results not yet available. Just like
the b → cc¯s case, the tree amplitude in the b → cc¯d transition does not have a weak phase. However,
as opposed to the b → cc¯s case, where the penguin amplitude has the weak phase π, now there could
be a non-negligible contribution from the b→ d penguin amplitude, which carries the weak phase β. In
terms of the CKM factors, both the T and P amplitudes are of order λ3. The tree-penguin interference
with different weak phases may lead to direct CP violation, giving rise to Cf 6= 0, or |λf | 6= 1. Also,
in this case, the equality −SJ/ψπ0 = SJ/ψKS or −SD∗D∗(+) = SJ/ψKS etc. can be violated. Here the
sign(+) stands for the CP= +1 component of the Vector-Vector final state, which for D∗D∗ dominates
the decay, with the CP-odd component given by 247 R⊥ = D
∗D∗(P wave)/D∗D∗ = 0.063±0.055±0.009.
Present data are consistent with the SM and no direct CP violation in these decays is observed. Also, the
measured coefficients Sf for these decays do not show significant deviations from the SM expectations
(ignoring penguins) −ηfSf = SJ/ψKS . This brings us to the entry in the last row in Table 5 for f = ππ,
which we discuss below together with the two methods most discussed in the literature to determine the
angle α (or φ2).
7.6 Measurements of the weak phase α (or φ2) in B-meson decays
In the previous section we have given the 95% C.L. range for the weak phase α obtained from the CKM
unitarity fits: 70◦ ≤ α ≤ 115◦. This phase will be measured through CP violation in the B → ππ and
B → ρπ decays. To eliminate the hadronic uncertainties in the determination of α, an isospin analysis
of these final states (as well as an angular analysis in the ρπ case) will be necessary. However, at a less
rigorous level, data from B → Kπ decays may be combined with the available data on the B → ππ
decays to extract α from the current data. We discuss both of these methods below.
The decay B0 → π+π− involves tree and penguin contributions with different strong and weak
phases. Denoting the strong phase difference by δ ≡ δP − δT , the amplitudes can be written as
−A(B0 → π+π−) = |T |eiγ + |P |eiδ ,
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(179)
−A(B0 → π+π−) = |T |e−iγ + |P |eiδ ,
where the T and P components have the CKM dependence (using the Gronau-Rosner convention 248)
given by V ∗ubVud and V
∗
cbVcd, respectively. The time-dependent CP asymmetry is given by the expression
Aππ(t) = −Cππ cos(∆MBdt) + Sππ sin(∆MBd t) , (180)
and the coefficients Cππ and Sππ are defined as in (164), with
λππ = ηππe
−2i(β+γ) 1 + |P/T |ei(δ+γ)
1 + |P/T |ei(δ−γ) . (181)
Thus, apart from β (or φ1), which is now well measured, we have three more variables, the ratio |P/T |,
δ and γ (or φ3). As this expression stands, it gives information on γ and not on α! However, if the
penguin contribution were absent (or small), then using the relation α + β + γ = π and ηππ = +1, one
has λππ = e
−2i(β+γ) = e2iα, yielding Cππ = 0 and Sππ = sin 2α. Hence, the folklore: Sππ measures
sin 2α. Now, with strong hints from data that |P/T | is significant (for example, T-dominance would
have 2Γ(π+π0)/Γ(π+π−) = 1, but the latest BELLE data 249 gives 2.10 ± 0.58 ± 0.25 for this ratio)
one interprets Sππ as Sππ =
√
1− C2ππ sin 2αeff , where both Cππ and αeff involve non-trivial hadronic
physics. Hence, a transcription of αeff into α (or γ) is not easy to accomplish in a model-independent way.
To get a model-independent determination of α (or φ2), one has to carry out the isospin analysis of
the B → ππ decays suggested by Gronau and London 239. Defining the various amplitudes as follows:
A+− ≡ A(B0 → π+π−); A¯+− ≡ A(B0 → π+π−) ,
A00 ≡ A(B0 → π0π0); A¯00 ≡ A(B0 → π0 (182)
A+0 ≡ A(B+ → π+π0); A¯−0 ≡ A(B− → π−π0) ,
isospin-symmetry leads to the following triangular relations 239
1√
2
A+− +A00 = A+0 ,
1√
2
A¯+− + A¯00 = A¯−0 ,
|A+0| = |A¯−0| . (183)
Here, the last equality results from the observation that the amplitudes A+0 and A¯−0 describe decays into
pure isospin-2 states and do not receive contributions from the QCD penguins, and electroweak penguins
may be ignored, as their contribution in the ππ system is not expected to exceed a few percent 250.
One can also include the contribution of the electroweak penguins in this analysis by using isospin
symmetry 251, which relates their contribution to the tree amplitudes and eliminate any residual hadronic
uncertainty in the determination of the weak phase α.
The two triangles written in the first line in (183) have the same base (due to the second line in
(183)) and the mismatch in the apex of the two triangles then determines the difference 2θ ≡ 2(αeff −α).
The determination of 2α goes along the following lines: From the relative phase of the amplitudes A+−
and A¯+− one gets 2αeff . From the relative orientation of the amplitudes A
+0 and A+− one gets an angle
Φ, and finally from the relative orientation of the amplitudes A¯−0 and A¯+− one gets an angle Φ¯. The
angle 2α is then obtained from the difference 2α = 2αeff − Φ− Φ¯.
From the magnitudes |Aij | and |A¯ij | of the six amplitudes given in the isospin relations (183), the only
missing pieces in the experiments are |A00| and |A¯00|. However, through the measurement of the charge-
conjugate averaged branching ratio B0/B0 → π0π0, the combination |A00|2 + |A¯00|2 is now known. This
branching ratio together with some of the other B → ππ and B → Kπ branching ratios is given in Table
6, where the entries are from the Lepton-Photon 2003 conference review by Fry 252. The Gronau-London
isospin analysis can not be carried out for the time being. However, theoretical bounds on θ (or αeff)
have been proposed. For example, the Grossman-Quinn bound 253 | sin(α−αeff)| ≤
√
Γ¯(π0π0)/Γ¯(π+π−),
with the branching ratios given in Table 6 yields |α− αeff | < 48◦ at 90% C.L. 254, and hence currently
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not very helpful. For other suggestions, see recent papers by London, Sinha and Sinha 255 and by
Gronau et al. 256.
Table 6. Summary of branching fractions (×10−6) and ACP(h1h2) (Source: Lepton-Photon 2003 review
252).
Decay Mode B(h1h2) ACP(h1h2) (%)
K+π− 18.2± 0.8 −9.5± 2.9
K0π+ 21.8± 1.4 −1.6± 5.7
K+π0 12.8± 1.1 0± 7
K0π0 11.9± 1.4 3± 37
π+π− 4.6± 0.4 –
π+π0 5.3± 0.8 −7± 14
π0π0 1.90± 0.47 –
We now discuss the information that can be obtained on the phase α by invoking SU(3) relations
between the B → ππ tree and penguin amplitudes (T and P ) and the corresponding amplitudes in the
B → Kπ decays (T ′ and P ′) 257. In the present context, one may relate the amplitudes in the decays
B+ → K0π+ and B0d → π+π−. Writing
−A(B+ → K0π+) = |P ′| eiδ = |P | eiδ fK
fπ tan θc
, (184)
where a small term with the weak phase γ has been neglected and factorization of the decay amplitudes
is assumed. With the known values of fK , fπ, tan θc and B(B0d → π+π−)/B(B+ → K0π+) = 0.23± 0.03
(from Table 6), one gets |P/T | ≃ 0.3. This allows to constrain α from the present measurements of Sππ
and Cππ
258,248. Another variation on the same theme 259 is to use the data from the B0d → K±π∓
decays instead of B+ → K0π+. Again, using flavour SU(3) symmetry and dynamical assumptions,
one can extract α from the current data on Sππ, Cππ and B(B0d → π+π−)/B(B0d → K±π∓). These
methods actually give information on γ (or φ3), as discussed above, and the consequences of the current
measurements have been recently worked out by Fleischer 260, getting a value of γ in the SM-ball park
with β ≃ 24◦.
With the average Sππ = −0.58±0.20 and Cππ = −0.38±0.16, as given in Table 5, we see that within
measurement errors, −Sππ = SJ/ψKS is not violated, which implies no direct CP violation, but Cππ
deviates from 0 by about 2.4 σ, which is a signature of direct CP violation. So, at present, the inferences
from Cππ and Sππ are not quite equivocal. The relation −Sππ = SJ/ψKS is expected to be violated in the
SM, as the phases α and β are numerically quite different. A large value of |Cππ| would also imply a large
strong phase δ, which would put to question the validity of the QCD factorization framework in B → ππ
decays 158. However, it should be emphasized that, just like the coefficient SφKS , also Sππ comes out
very different in the BABAR 254 and BELLE 261 measurements: Sππ(BELLE) = −1.23± 0.41+0.08−0.07 and
Sππ(BABAR) = −0.40 ± 0.22 ± 0.03, and the average has a C.L. of 0.047 59. Scaling the error by the
PDG scale factor, we get Sππ = −0.58±0.34 and Cππ = −0.38±0.27. With the scaled errors, Cππ differs
from 0 by only 1.4σ. We hope that with almost a factor two more data on tapes, the experimental isuues
in B → ππ decays will soon be settled.
Having stated the caveats (theory) and pitfalls (experiments), we use (184) to illustrate what values
of α are implied by the current averages Sππ = −0.58 ± 0.20 and Cππ = −0.38 ± 0.16. To take into
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account the uncertainty in the SU(3)-breaking and non-factorizing effects, we vary the ratio |P/T | in
the range 262 0.2 ≤ |P/T | ≤ 0.4, which amounts to admitting a ±30% uncertainty on the central value
of the magnitude obtained in the factorization approach. However, the strong phase δ is varied in the
entire allowed range −π ≤ δ ≤ π. The results of this analysis are shown in Fig. 13 for four values of α
which lie in the 95% C.L. allowed range from the unitarity fits: α = 80◦ (upper left frame), α = 93◦
(upper right frame), corresponding to the nominal central value of the CKM fit, α = 105◦ (lower left
frame), and α = 115◦ (lower right frame), corresponding to the 95% C.L. upper limit on α from our
fits. We do not show the plot for α = 70◦, which is the 95% C.L. lower value of α from the unitarity
fits, as already the case α = 80◦ is disfavoured by the current B → ππ data. In each figure, the outer
circle corresponds to the constraint S2ππ + C
2
ππ = 1; the current average of the BABAR and BELLE
data satisfies this constraint as shown by the data point with (unscaled) error. The two inner contours
correspond to the values |P/T | = 0.2 and |P/T | = 0.4. The points indicated on these contours represent
the values of the strong phase δ which is varied in the interval −π ≤ δ ≤ π. We see that the B → ππ
data is in comfortable agreement with the value of α in the range 90◦ ≤ α ≤ 115◦, with α = 80◦ outside
the ±1σ range. Also, as Cππ is negative, current data favours a rather large strong phase, typically
−90◦ ≤ δ ≤ −30◦. This is in qualitative agreement with the pQCD framework 238, which yields 263
P/T = 0.23+0.07−0.05 and −41◦ ≤ δ ≤ −32◦. (See, also Xiao et al. 262).
The case for significant final state rescattering, and hence large strong phase differences, in the decays
B → PP has also been advocated by Chua, Hou and Yang 264, motivated in part by the discovery of
the colour-suppressed decays 265,266 B¯0 → D0h0, where h0 = π0, η or ω, found significantly over
the factorization-based estimates. An analysis of the current measurements in B → PP , decays with
P = π,K, η, done with the help of an SU(3) formalism to take into account 8⊗8→ 8⊗8 rescattering 267,
shows marked improvement in the quality of the fit.
Thus, the study of the CP asymmetry in the B → ππ decays is potentially the most exciting game in
town, as precise measurements in this decay mode will not only determine the weak phase α but will also
decide several important theoretical issues, such as the adequacy or not of the perturbatively generated
strong phases. To this list of interesting decays, one should add the decays B → Kπ and B → DK,
which we discuss below.
7.7 Present bounds on the phase γ from B decays
The classic method for determining the phase γ (or φ3)
268,269,270,271 involves the interference of the
tree amplitudes b→ uW− → uc¯s→ D0K− and b→ cW− → cu¯s→ D0K−. These decay amplitudes can
interfere if D0 and D0 decay into a common hadronic final state. Noting that the CP= ±1 eigenstates D0±
are linear combinations of the D0 and D0 states: D0± = (D
0 ±D0)/√2, both branches lead to the same
final states B− → D0±K−. So, the condition of CP interferometry is fulfilled. The decays B− → D0±K−
are described by the amplitudes:
A(B− → D0±K−) =
1√
2
[
A(B− → D0K−)±A(B− → D0K−)
]
. (185)
Since, the weak phase of the b→ u transition is γ but the b→ c transition has no phase, a measurement
of the CP asymmetry through the interference of these two amplitudes yields γ. The four equations that
will be used to extract γ are:
R± ≡ B(B
− → D0±K−) + B(B+ → D0±K+)
B(B− → D0K−) + B(B+ → D0K+) = 1 + r
2
DK ± 2rDK cos δDK cos γ ,
(186)
A± ≡ B(B
− → D0±K−)− B(B+ → D0±K+)
B(B− → D0±K−) + B(B+ → D0±K+)
=
±2rDK sin δDK sin γ
1 + r2DK ± 2rDK cos δDK cos γ
.
With three unknowns (rDK, δDK, γ), but four quantities which will be measured R± and A±, one has,
in principle, an over constrained system. Here, rDK is the ratio of the two tree amplitudes
272 rDK ≡
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Figure 13. Constraints on α from the current measurements Sππ = −0.58 ± 0.20 and Cππ = −0.38 ± 0.16 (shown as the
crossed bars). The outer circle in each frame corresponds to the unitarity condition |Cππ|2 + |Sππ|2 = 1. Theoretically
estimated range for |P/T | and the strong phase δ varied in the full range −π ≤ δ ≤ π are indicated. In the SM, measurements
of Cππ and Sππ have to lie in the region between the two inner contours. This figure shows that values α ≤ 80◦ are
disfavoured by the current ππ data (upper left frame). The other frames show three allowed values of α within the 95%
C.L. range from the unitarity fits, which are in agreement with the B → ππ data.
|T1/T2| ∼ (0.1 − 0.2), with T1 and T2 being the CKM suppressed (b → u) and CKM allowed (b → c)
amplitudes, respectively, and δDK is the relative strong phase between them. The construction of the
final states involves flavour and CP-tagging of the various D0 states, which can be done, for example,
through the decays D0+ → π+π−, D0− → KSπ0, and D0 → K−π+. Also, more decay modes can be added
to increase the data sample.
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Experimentally, the quantities R± are measured through the ratios:
R(K/π) ≡ B(B
− → D0K−)
B(B− → D0π−) ; R(K/π)± ≡
B(B± → D0±K±)
B(B± → D0±π±)
. (187)
With all three quantities (R(K/π)andR(K/π)± measured, one can determine R± =
R(K/π)±/R(K/π). Present measurements in the B → DK and B → Dπ decays have been recently
summarized by Jawaherey 254:
R+ = 1.09± 0.16 , A+ = 0.07± 0.13 [BELLE,BABAR] ,
R− = 1.30± 0.25 , A− = −0.19± 0.18 [BELLE] , (188)
=⇒ rDK = 0.44+0.14−0.24, 〈ACP(DK)〉 = 0.11± 0.11 .
Thus, CP asymmetry in the B → DK modes is consistent with zero and the ratios R± are both in excess
of 1. Hence, no useful constraint on γ can be derived from these data at present. One needs more precise
measurements of R± and A± to determine γ from this method. More useful decay modes to construct the
B → DK triangle will have to be identified to reduce the statistical errors. In a recent paper, Atwood
and Soni 273 have advocated to also include the decays of the vector states in the analysis, such as
B− → K∗−D0, B− → K−D∗0, and B− → K∗−D∗0, making use of the D∗0 → D0γ and D∗0 → D0π0
modes. This is a promising approach but requires O(109) BB¯ pairs and reconstruction of many decay
modes of the D(∗)K(∗) final states to allow a significant measurement of γ.
A variant of the B → DK method of measuring γ is to use the decays B± → DK± followed by
multibody decays of the D-meson, such as D0 → KSπ−π+, D0 → KSK−K+ and D0 → KSπ−π+π0.
This was suggested some time ago by Atwood, Dunietz and Soni 271, and was revived more recently by
Giri et al. 274, in which a binned Dalitz plot analysis of the decays D0/D0 → KSπ−π+ was proposed.
Assuming no CP asymmetry in D0 decays, the amplitude of the B+ → D0K+ → (KSπ+π−)K+ can be
written as
M+ = f(m
2
+,m
2
−) + rDKe
i(γ+δDK)f(m2−,m
2
+) , (189)
where m2+ and m
2
− are the squared invariant masses of the KSπ
+ and KSπ
− combinations in the D0
decay, and f is the complex amplitude of the decay D0 → KSπ+π−. The quantities rDK and δDK are the
relative magnitudes and strong phases of the two amplitudes, already discussed earlier. The amplitude
for the charge conjugate B− decay is
M− = f(m
2
−,m
2
+) + rDKe
i(−γ+δDK)f(m2+,m
2
−) . (190)
Once the functional form of f is fixed by a choice of a model for D0 → KSπ+π− decay, the Dalitz
distribution for B+ and B− decays can be fitted simultaneously by the expressions for M+ and M−,
with rDK , δDK and γ (or φ3) as free parameters. The model-dependence could be removed by a binned
Dalitz distribution 274.
This method has been used by the BELLE collaboration 275 to measure the angle φ3. As the binned
Dalitz distribution at this stage is limited by statistics and some technical issues involving backgrounds
and reconstruction efficiencies have to be resolved, an unbinned model-dependent analysis of the B± →
D0K± decays followed by the decay D0 → KSπ+π− has been performed. The model for the function
f is based on a coherent sum of N two-body plus one non-resonant decay amplitudes, and the N = 7
resonances used are: K∗+π−, KSρ
0, K∗−π+, KSω, KSf0(980), KSf0(1430) and K
∗
0 (1430)
+π−:
f(m2+,m
2
−) =
N∑
j=1
aje
iδjAj(m
2
+,m
2
−) + be
iδ0 , (191)
where Aj(m
2
+,m
2
−), aj and δj are the matrix element, amplitude and strong phase, respectively, for the
j-th resonance, and b and δ0 are the amplitude and phase for the non-resonant component. Further
details can be seen in the BELLE paper 275. The result based on 140 fb−1 data has yielded
rDK = 0.33± 0.10 , δDK = (165+17−19)◦ , φ3 = (92+19−17)◦ . (192)
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As the errors are quite non-parabolic, they do not represent the accuracy of the measurement. Rather, the
constraint plots on the pair of parameters (φ3, δDK) and (rDK , φ3), which can be seen in the BELLE pub-
lication 275, are used to get the information on these parameters. The resulting 90% C.L. ranges are 275:
0.15 < rDK < 0.50 , 104
◦ < δDK < 214
◦ , 61◦ < φ3 < 142
◦ , (193)
and the significance of direct CP violation effect ( including systematics) is 2.4 standard deviations. This
measurement is in agreement with the SM expectations 43◦ ≤ φ3 ≤ 86◦, though lot less precise.
As the final topic of this review, we discuss the B → Kπ decays, which in the SM are dominated
by QCD penguins. Their branching ratios, averaged over the charge conjugate states, and the present
measurements of the CP asymmetries are summarized in Table 6. The branching ratios listed in this table
(except for the B0 → π0π0 mode) are in agreement with the theoretical predictions based on the QCD
factorization 158 and pQCD 263 approaches. These approaches will be put to more stringent tests with
precise measurements of the CP asymmetries ACP(Kπ) in various decay modes, and also through the
ratios of the branching ratios, which provide a better focus on the relative strong phases and magnitudes
of the QCD penguin, tree and electroweak penguin contributions 276,277,278,279.
Concerning the determination of γ from these decays, whose present status we discuss below, we note
that the current data on B → Kπ decays has some puzzling features, which have to be understood before
we determine γ from this data. In particular, the following two ratios with their currently measured values:
Rn ≡ B(K
+π−)
2B(K0π0) = 0.76± 0.10 ,
(194)
Rc ≡ B(K
+π0)
B(K0π+) = 1.17± 0.13 ,
have received some attention lately 280,281 as possible harbingers of new physics. It has been argued
that these data require a much enhanced electroweak penguin contribution than is assumed or inferred
from the B → ππ data and approximate SU(3) symmetry. Taking the current data on the face value, a
range 0.3 ≤ rEW ≡ |P ′EW|/|P ′| ≤ 0.5, and a significant strong phase difference, δEW − δT between the
electroweak penguin and tree amplitudes are needed to explain the data. Typical estimates of rEW are,
however, in the ball park of rEW ∼ 0.15 279, with a negligible phase difference. We have mentioned
earlier that also the measurement of Cππ is hinting at a significant strong phase; leaving this phase as a
free parameter the allowed range of α from the analysis of the time-dependent CP asymmetry is in good
agreement with the SM-based indirect estimates of the same.
The presence of significant strong phase differences in B → ππ and/or B → Kπ decays implies that
the strong interaction effects in these and related decays are not quantitatively described by perturbative
methods such as QCD factorization. It is, however, less clear if a value of rEW ∼ 0.3 − 0.5 can also
be attained in an improved theoretical framework within the SM. So, the current B → Kπ data are
somewhat puzzling. However, judging from the difference Rc − Rn = 0.41 ± 0.16, and the estimates
giving Rc − Rn ∼ 0.1, this appears to be about a 2σ problem. In view of the fact that current data on
Rc and Rn are not quite understood, it is advisable not to use these ratios to constrain γ, as both Rc
and Rn involve the poorly understood electroweak penguin contribution.
To constrain γ from B → Kπ data, the so-called mixed ratio R0, defined below, and advocated some
time ago by Fleischer and Mannel 282 is potentially useful. The amplitude for the process B+ → K0π+
is written in (184). Using isospin symmetry, the decay amplitude for B0 → K+π− can be written as
A(B0 → K+π−) = |P ′|eiδ − |T ′|eiγ . (195)
There is also a small color-suppressed electroweak penguin contribution which can be safely neglected.
Denoting r ≡ |T ′|/|P ′|, one has the following relations:
R0 ≡ Γ¯(K
±π∓)
Γ¯(K0π±)
= 1− 2r cos δ cos γ + r2 ,
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ACP(K+π−) ≡ Γ(K
−π+)− Γ(K+π−)
Γ(K−π+) + Γ(K+π−)
= −2r sin δ sin γ/R0 , (196)
which are both functions of r, δ and γ. Fleischer and Mannel 282 have shown that R0 > sin
2 γ for any
r and δ. So, if R0 < 1, one has an interesting bound on γ. The current value R0 = 0.898 ± 0.071 is
consistent with one at about 90% C.L., and hence no useful bound emerges on γ. However, if ACP(K+π−)
is measured precisely, then the two equations for R0 and R0ACP(K+π−) can be used to eliminate δ and, in
principle, a useful constraint on γ emerges. Current measurements yield ACP(K+π−) = −0.095± 0.029,
which at 3σ is probably the only significant direct CP-violation observed so far in B-decays.
To extract a value of γ from these measurements (or to put a useful bound), one has to assume a
value for r, or extract it from data under some assumptions. Using arguments based on factorization and
SU(3)-breaking, Gronau and Rosner 283 estimate r from the average of the CLEO, BELLE and BABAR
data, getting r = 0.142+0.024−0.012 and a bound γ < 80
◦ at 1σ. However, there is no bound on γ at 95% C.L.
to be compared with the corresponding indirect bounds from unitarity. More precise measurements of
R0 and ACP(K+π−) are required to get useful constraints on γ.
In conclusion, CP asymmetry has been observed in B → DK decays using the Dalitz distributions
at 2.4σ level. Likewise, direct CP asymmetry is seen at 3 σ level in ACP(K+π−). However, the current
significance of the CP asymmetry and the model-dependence of the resonant structure in the decays of
the D-meson in the former, and imprecise knowledge of R0 (as well as of ACP(K+π−)) in the latter,
hinder at present in drawing quantitative and model-independent conclusions on γ. This situation may
change with more precise measurements of the various ratios and CP asymmetries in the B → Kπ and
B → DK decays. Both the KEK and SLAC B-factories are now collecting data at record luminosities
and we trust that improved determinations of γ (or φ3) will not take very long to come.
8 Summary and Concluding Remarks
We have reviewed the salient features of the CKM phenomenology and B-meson physics, with emphasis
on new experimental results and related theoretical developments. The data discussed here are spread
over an energy scale of over three orders of magnitude, ranging from muon decay, determining GF , to
the top-quark decays, determining |Vtb|, and have been obtained from diverse experimental facilities.
Their interpretation has required the development of a number of theoretical tools, with the Lattice-
QCD, QCD sum rules, chiral perturbation theory, and heavy quark effective theory at the forefront. We
reviewed representative applications of each of them. Progress in computational technology has enabled
a quantitative determination of all the CKM matrix elements. While the precision on some of them can
be greatly improved, all currently available measurements are compatible with the assumption that the
CKM matrix is the only source of flavour changing transitions in the hadronic sector. In fact, there is
currently no compelling experimental evidence suggesting deviations from the CKM theory.
However, there are some aspects of the data which are puzzling and deserve further research. Those
under current experimental scrutiny are summarized below.
• Test of unitarity in the first row of the CKM matrix yields ∆1 = (3.3 ± 1.3) × 10−3, which is 2.5
standard deviations away from zero. Further experimental and theoretical work, yielding robust
evaluations of the low energy constants of chiral perturbation theory, will have an impact on this
issue. Precise measurements of Kℓ3 decays are being done at DAΦNE and elsewhere. They will
yield a determination of |Vus| at significantly better than a per cent level. Analysis of τ -decays from
the B-meson factories will also help. Resolution of the current inconsistencies in the determination
of gA/gV in polarized neutron β-decay experiments will improve the precision on |Vud| from this
method. Together, they will enable a precise determination of ∆1.
• Experiments at LEP have measured the decays W± → q′q¯(g), enabling a quantitative test of the
unitarity involving the first two rows of the CKM matrix. The result
∑ |Vij |2− 2 = 0.039± 0.025 is
consistent with being zero at 1.6 standard deviations. Experiments at CLEO-C and BES-III, but also
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the B-factory experiments BABAR and BELLE, will measure the matrix elements |Vcs| and |Vcd| at
about 1% accuracy, allowing an improved test of the CKM unitarity in the second row. Progress in
Lattice-QCD technology will be required to have precise knowledge of the D → (K,K∗, π, ρ) form
factors.
• The difference SφKS−SJ/ψKS involving the time-dependent CP asymmetries in the decays B → φKS
and B → J/ψKS , which vanishes in the first approximation in the SM, is currently found to deviate
from zero. With SφKS = −0.14 ± 0.33 (not including the scale factor) and SφKS = −0.14 ± 0.69
(including the scale factor), the BELLE and BABAR measurements are 1.3 (2.7) standard deviations
away from SJ/ψKS = 0.736±0.049 with (without) the scale factor. Including all the b→ ss¯s penguin-
dominated final states measured so far gives sin 2β − 〈sin 2βeff〉 = 0.50± 0.25, with the scale factor,
which differs from 0 by 2 standard deviations. The presence of a large scale factor (typically 2) in
the determination of SφKS implies that improved measurements of this (and related) quantities are
needed to settle the present inconsistency. They will be undertaken at the current and planned B
factories, and also at LHC-B and B-TeV.
• Measurements of the ratios Rc and Rn involving the B → Kπ decays hint at the electroweak penguin
contributions in these decays at significantly larger strength than their estimates in the SM. However,
judged from the current measurements, Rc − Rn = 0.41 ± 0.16, and theoretical estimates yielding
Rc−Rn ≃ 0.1 based on the default value rEW =≃ 0.15, the mismatch with the SM has a significance
of about 2 standard deviations. Improved measurements at the B factories and theoretical progress
in understanding non-leptonic B-meson decays will clarify the current puzzle.
• Enhanced electroweak penguin contributions would also influence semileptonic rareB- andK-decays,
providing important consistency checks. First round of experiments of the electroweak penguins in
B → (K,K∗, Xs)ℓ+ℓ− have been reported by the BABAR and BELLE collaborations. Current data
are summarized 232 in Table 7 together with the SM-based estimates 199 of the same. A comparison
shows that the experimental measurements are well accounted for in the SM. As the exclusive
decays have larger theoretical errors due to the uncertain form factors for which the QCD sum
rule estimates 284 have been used, we quantify a possible mismatch using the theoretically cleaner
inclusive decay B → Xsℓ+ℓ−. Noting that the average of the BELLE and BABAR measurements
is 232 B (B → Xsℓ+ℓ−) = (6.2 ± 1.1+1.6−1.3) × 10−6, the difference B(Xsℓ+ℓ−)exp − B(Xsℓ+ℓ−)SM =
(2.0±2.0)×10−6 amounts to 1 standard deviation. Note that the errors are dominantly experimental.
From this we infer that there is no evidence of any abnormal electroweak penguin contribution in
the reliably calculable semileptonic rare B-decays. Experiments at the B factories and the hadron
colliders will greatly improve the precision on the decays B → (K,K∗, Xs)ℓ+ℓ−, measuring also
various distributions sensitive to physics beyond the SM 199,284.
Table 7. B → K(∗)ℓ+ℓ− and B → Xsℓ+ℓ− branching ratios in current experiments 232 and comparison with the SM-
estimates 199.
Mode BELLE BABAR Theory (SM)
B(B → Kℓ+ℓ−) (× 10−7) 4.8+1.0−0.9 ± 0.3 ± 0.1 6.9+1.5−1.3 ± 0.6 3.5 ± 1.2
B(B → K∗ℓ+ℓ−) (× 10−7) 11.5+2.6−2.4 ± 0.7 ± 0.4 8.9+3.4−2.9 ± 1.1 11.9 ± 3.9
B(B → Xsℓ+ℓ−) (× 10−6) 6.1 ± 1.4+1.4−1.1 6.3 ± 1.6+1.8−1.5 4.2 ± 0.7
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From the theoretical point of view, it is very likely that the current deviations from the CKM unitarity
involving the first row will not stand the force of improved measurements. The anomalies in the penguin-
dominated B-decays are also likely to find an experimental resolution, though mapping out the QCD and
electroweak penguins in B-decay experiments is crucial in reaching a definitive conclusion.
Finally, it should be underlined that a number of benchmark measurements in the B- and K-meson
sectors still remain to be done. On the list of the future experimental milestones are the following:
• Precise determinations of the weak phases α (or φ2) and γ (or φ3).
• Measurement of the B0s - B0s mass difference ∆MBs
• Measurement of the branching ratio B(B0s → µ+µ−)
• Precise measurements of the dilepton invariant mass spectra in B → (Xs,K,K∗)ℓ+ℓ− and the
forward-backward asymmetries in the decays B → (Xs,K∗)ℓ+ℓ−.
• Measurements of the CKM-suppressed radiative and semileptonic rare decays b→ dγ and b→ dℓ+ℓ−
in the inclusive modes, and some exclusive decays such as B → (ρ, ω)γ and B → (π, ρ, ω)ℓ+ℓ−.
• Measurements of the rare decays B → (Xs,K,K∗)νν¯ and K → πνν¯.
• Last, but not least, is the challenging measurement of arg(∆MBs), also called δγ, having a value
δγ = −λ2η ≃ −2◦ in the SM. While it appears to be a formidable task to attain the experimental
sensitivity to probe the SM in δγ, searches for beyond-the-SM physics will be undertaken at the
hadron collider experiments through the CP asymmetry ACP(Bs → J/ψφ).
There measurements will test the CKM theory in not so well charted sectors where new physics may find
it easier to intervene.
It is time to reminisce. Retrospectively, some forty years ago, Cabibbo rotation solved the problem
of the apparent non-universality of the Fermi weak interactions. The GIM mechanism and the KM
proposal were crucial steps in the quest of understanding the FCNC processes and CP violation in the
framework of universal weak interactions. These theoretical developments brought in their wake an entire
new world of flavour physics. In the meanwhile, all the building blocks predicted by these theories are in
place. Thanks to dedicated experiments and sustained progress in theory, the field of flavour physics has
developed into a precision science. All current measurements within errors are compatible with the CKM
theory. While there is every reason to celebrate and rejoice this great synthesis, this does not necessarily
imply that we have reached the end of the great saga of discoveries having their roots in flavour physics.
Looking to the future, one conclusion can already be drawn: As experiments and theoretical techniques
become more refined, new aspects of physics will come under experimental scrutiny and the known ones
will be measured with unprecedented precision. It is conceivable that also at the end of the next round
of experiments, CKM theory will continue to prevail. It is, however, also conceivable that a consistent
description of experiments in flavour physics may require the intervention of new particles and forces.
Perhaps, the current experimental deviations from the CKM theory, while not statistically significant,
are shadows being cast by the coming events. If we are lucky, the hints in the data with renewed efforts
could turn into irrefutable solid evidence of new physics, or perhaps some of the crucial experiments listed
above would force us to seek for explanations which go beyond the CKM theory. This remains to be seen.
Only future experiments can tell if we have reached the shores of a new world or whether the new shores
that we have reached are still governed by the standard model physics. In any case, the outcome of the
ongoing and planned experiments in flavour physics will be a vastly improved knowledge about the laws
of Natute.
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